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“We are star stuff harvesting sunlight.”  
 
“One of the reasons for its success is that science has a built-in, error-correcting 
machinery at its very heart. Some may consider this an overbroad characterization, but 
to me every time we exercise self-criticism, every time we test our ideas against the 
outside world, we are doing science. When we are self-indulgent and uncritical, when we 
confuse hopes and facts, we slide into pseudoscience and superstition.”  
 
 - Carl Sagan (1934-1996) 
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Abstract 
 
Concentrator Photovoltaic (CPV) systems are a potential candidate to achieve low 
cost solar energy because in these systems the solar cell efficiency increases with 
concentration and the amount of semiconductor material required is lower.  CPV 
systems use Fresnel lenses to focus the light into homogenizers, which uniformizes the 
flux distribution incident to the subjacent solar cell and does other optical corrections.  
A disadvantage of these optical elements is that they create three optical interfaces that 
reflect the incident light and together account for about 12% of losses.  To achieve 
higher efficiency in CPV systems, these losses need to be reduced.  These optical 
interfaces can be curved or corrugated, which limits the applicability of conventional 
antireflection methods.  In addition, the antireflection effect should be broadband 
because the solar cell placed below the homogenizer absorbs most of the solar spectrum.  
In order to be suitable for production lines, the fabrication methods need to be 
applicable in large areas and to be cost effective.  For these reasons, maskless plasma 
etching processes were selected to texture the PMMA (Fresnel lens) and glass 
(homogenizer) interfaces.  An additional problem in CPV systems is the dew 
condensation on the front and back side of the Fresnel lenses.  To solve this problem, a 
hydrophobic coating on an antireflection nanostructured surface was evaluated on the 
back side of a Fresnel lens. 
In chapter 1, the basics of solar energy, CPV systems, and the motivation and 
outlines are introduced.  In chapter 2, the approaches employed to study and improve 
CPV systems are described.  Also in this chapter, the CPV system studied is introduced 
along with numerical calculations of optimum antireflection nanostructures.  Chapter 3 
is focused on the fabrication methods employed to fabricate broadband antireflection 
nanostructures on glass and on PMMA.  The composition of the studied homogenizer 
is close to the composition of Schott B270 glass, which was the main material studied.  
Employing Schott B270 glass substrates, a CHF3 plasma etching process achieving the 
fabrication of high aspect ratio nanostructures was developed.   
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O2 plasma etching and water rinsing were applied as cleaning processes afterwards.  
Broadband high transmittance was achieved on Schott B270 glass substrates, reaching 
nearly 96% and over 99% on samples with one and both treated sides, respectively.  
This improvement resulted from the formation of high aspect ratio nanostructures and 
graded material distributions created by the selective removal of SiO2 during CHF3 
plasma etching, resulting in low SiO2 density at the tips of the nanostructures and 
increasing density towards the bulk substrate.  The aspect ratio of the nanostructures 
increased with increasing the CHF3 plasma etching process time.  In B270, the 
formation of high aspect ratio nanostructures was achieved without lithography or the 
assistance of any deposited mask, making it a novel fabrication method and suitable for 
curved and large surfaces.  The surface of various types of glasses and quartz 
substrates were treated using the same processes obtaining large or moderate 
transmittance enhancements, or scattering properties.  The transmittance enhancement 
depended on the size and aspect ratio of the nanostructures.  Scattering appeared when 
fabrication of large structures on the surface was obtained.  Surface and cross section 
composition measurements revealed that the glass composition plays a critical role to 
obtain antireflection or scattering structures.  FDTD and RCWA simulations were 
carried out to study the morphology and graded composition effects.  The 
controllability of the wettability properties on nanostructured B270 using 
self-assembled molecular monolayer is also presented.   
At the Fraunhofer IOF (Jena, Germany) two types of processes were applied on 
PMMA substrates and LPI’s Fresnel lenses.  The first one (S1) uses a self-generated 
mask formed during O2 and Ar plasma etching.  The second type (S2) uses a TiO2 thin 
layer prior to the same process as in S1.  Depending on the fabrication process, two 
types of antireflection structures were generated and applied on one-side and both-sides 
of PMMA substrates and Fresnel lenses. 
In chapter 4, the optical and field tests evaluation of Fresnel lenses and 
homogenizers with nanostructured surfaces are presented.  Module assembly and field 
tests were carried out at LPI-CeDint facilities (Madrid, Spain).  The Current-Voltage 
curves were measured for each sample and the efficiencies were calculated.  
Spectrolab Concentrator Cell Assemblies (CCAs) using triple junction solar cell GaInP 
(1.88 eV) / GaInAs (1.41 eV) / Ge (0.67 eV) were encapsulated below the treated 
homogenizers and a reference Fresnel lens was used to evaluate the effect of the glass 
nanostructuring process, which achieved maximum 3.78% and 2.75% Jsc and efficiency 
relative gains, respectively.  To evaluate the effect of the nanostructures on the Fresnel 
lenses, the same bare secondary optical element and Spectrolab CCAs were employed. 
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On the Fresnel lens with S2 on both sides, maximum 6.56% and 3.82% Jsc and 
efficiency relative gains were obtained, respectively.  Finally, the CPV module 
assembled using the Fresnel lens with S2 on both sides and the best treated 
homogenizer showed 7.99% and 5.06% Jsc and efficiency relative gains, respectively.   
The efficiency relative gains were lower than the Jsc ones because the Fill Factor 
(FF) was degraded on the textured samples.  The origin of the FF decrease is under 
consideration, but it was found that the bottom cell does not become limiting when 
employing the antireflection nanostructures.  Overheat of the cell by increased current 
or the modifications of the spectral or irradiance homogeneity on the sub-cells are other 
plausible causes.  Voc remained unchanged; Jsc was normalized at Direct Normal 
Irradiation 900 W/m2 and the efficiency at 25°C.  The hydrophobic coating was 
applied on S2 on the back side of a Fresnel lens and it was tested using University of 
Tokyo’s CPV system.  The hydrophobic coating caused a slight decrease in the 
transmittance at short wavelengths, but a 7.73% Jsc relative gain was obtained.  The 
uncoated Fresnel lens with S2 on the back side showed a 2.87% Jsc relative gain.  The 
additional enhancement could be the result of a focal point modification by the coating.  
Further study of this additional gain is under consideration. 
In chapter 5, applications to flat PV of nanostructured glass and PMMA surfaces 
are introduced employing InAs Quantum-Dot solar cells.  Also, the applications to 
space cover glasses and aspheric lenses were demonstrated.  Finally, in chapter 6, the 
conclusions and outlines of this thesis are presented. 
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Chapter 1 
 
1. Introduction 
 2 
1.1. Introduction to solar cells 
 
Solar cells can convert solar energy into electricity [1].  The first example is 
single junction solar cells, which efficiency limit depends on the band-gap of the 
material it is made of as shown in Fig. 1.1.  Figure 1.1 also shows that with 
concentration, for example 1000 suns, the efficiency limit can be increased.  This is 
due because the short circuit current (Jsc) increases linearly with concentration, whereas 
the open circuit voltage (Voc) increases logarithmically by the Jsc increase. 
 
 
Fig. 1.1.  Detailed balance efficiency limit for single junction solar cells under 1 
sun and 1000 suns incident light.  Figure is from Ref. [2]  
 
Worldwide a great number of universities and research centers have been 
researching over a great variety of materials and solar cells architectures in order to 
achieve high efficiency and low cost.  Figure 1.2 shows the progress of each type of 
solar cell over the past 40 years.   
There are several approaches that have been proposed in order to further increase 
the efficiency of solar cells such as multi-junction solar cells [3], intermediate band 
solar cells [4], hot carriers solar cells [5], up-or down-conversion [6, 7], and multiple 
exciton generation [8].  In this thesis, for the purpose of presenting the solar cells 
currently used in CPV systems, only triple junction solar cell is introduced in more 
detail as shown in Fig. 1.3. 
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Fig. 1.2.  Research cell efficiency records as of January 20th 2014, National 
Renewable Energy Laboratory, US. Figure is from Ref. [9]. 
 
Figure 1.3 shows a series connected type triple junction solar cell (3JSC) grown on 
Ge substrate.  Each sub-cell (Top, Middle, and Bottom) absorbs a portion of the 
incident solar spectrum as represented in Fig. 1.3 (right).  In this 3JSC, the sub-cells 
are connected in series via a tunnel junction.  Therefore, the Voc of this 3JSC is the sum 
of the Voc of each sub-cell and the Jsc is the lowest among the three sub-cells. 
 
 
Fig. 1.3.  Example of triple junction solar cell and representation of the portion of 
the AM 1.5 spectrum that each cell absorbs.  Figure is from Ref. [10]. 
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1.2. Introduction to Concentrator Photovoltaic systems 
 
In the same manner as in single junction solar cells, the efficiency of multi-junction 
solar cells increases with concentration.  Figure 1.4 shows the detailed balance 
efficiency of solar cells depending on their number of junctions under one sun and 
under maximum concentration.  In practice, solar cells cannot operate under maximum 
concentration because the high current density and the series resistance of the cell result 
in overheating, which reduces the solar cell performance. 
 
 
Fig. 1.4.  Detailed balance efficiency limit for multi-junction solar cells under one 
sun or concentration dependence.  Figure is from Ref. [11]. 
 
Multi-junction solar cells are the main type of solar cells used in CPV systems, 
typically two or three junction solar cells, but in the future four or more junction solar 
cells could also be implemented.  Figure 1.5 shows various types of CPV technologies 
compared to flat panel.  One particular characteristic of CPV systems is that they need 
to track the sun, typically using double-axis trackers, because only the direct part of the 
solar irradiation can be precisely focused on the solar cells.  In order to concentrate 
light into a solar cell a Fresnel lens or a mirror can be used as show in Fig. 1.5 (b, c) and 
Fig. 1.5 (d, e), respectively.  The Fresnel lens or the mirror represents the primary 
optical element (POE) of the CPV system.  In addition to the POE, some CPV systems 
have a homogenizer or secondary optical element (SOE) as shown in Fig. 1.5 (c, e). 
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The purpose of the SOE is to uniformize the flux distribution incident to the 
subjacent solar cell and other optical corrections.  A non-uniform spectral or irradiance 
level distribution reduces the Fill Factor in CPV systems employing multiple junction 
solar cells [12].  In addition, the use of a SOE allows larger acceptance angle, which 
partially alleviates the constrain on costly and highly precise tracking systems [13]. 
 
 
 
Fig. 1.5.  Schematic comparison of flat panel and different concentrator 
photovoltaic systems.  Figure is from Ref. [14]. 
 
1.3. Motivation and outlines 
 
Currently, the highest efficiency solar cells are based on III-V semiconductor 
materials.  When combined with CPV systems, the efficiency is further increased and 
the required amount of semiconductor material is decreased, which makes CPV a 
potential candidate to achieve low cost solar energy [15].  The motivation of this thesis 
is to reduce the reflectance at the Air/Optical-elements interfaces in transmission CPV 
systems.  For this purpose simulation and fabrication of nanostructured surfaces are 
performed.  As shown in Fig. 1.6, in order to achieve this purpose the nanostructures 
need to be successfully applied on two materials (PMMA and glass) and on surfaces 
with different sizes and shapes.  In addition, the shape of the nanostructures has to be 
smaller than the wavelength in order to avoid scattering, which could affect the spectral 
or the irradiance distribution on the solar cells. 
 
 6 
Transmission 
CPV system
•Reduce the reflectance 
at the surfaces of the 
optical elements
Fresnel lens 
(POE)
•Made of PMMA
•Large area
•Flat front-side
•Corrugated back-
side
Homogenizer
(SOE)
•Made of glass
•Curved surface
 
Fig. 1.6.  Characteristics of the optical elements in transmission CPV system 
considered to design the approach to reduce their reflectance.  Figure in the middle 
if from Ref. [13]. 
 
 
 7 
 
 
 
 
 
Chapter 2 
 
2. Improving transmission-type 
Concentrator Photovoltaic system 
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2.1. Light Prescriptions Innovators’ Ventana CPV system 
 
In this thesis, the Ventana CPV system manufactured by Light Prescription 
Innovators (LPI), has been implemented to demonstrate the effect of the nanostructured 
Air/Optical-elements’ interfaces.  Ventana CPV system is a type of transmission CPV 
system that employs broken rotational symmetry and Köhler integration design of the 
POE and SOE achieving high concentration and high acceptance angle [16].  Fig. 2.1 
shows the reflections that occur at the Air/Optical-elements’ interfaces in a 
transmission-type CPV system: At first there are two reflections at the Air/Fresnel-lens 
and Fresnel-lens/Air interfaces (R1), and then there is the reflection at the 
Air/Homogenizer interface (R2). 
POE
SOE Reflections at Air/Optical-
elements interfaces
o R1: Air/POE/Air ~8%
(normal incidence)
o R2: Air/SOE ~4%
(top angular distribution)
R1
R2
VentanaTM Optical Train
 
Fig. 2.1.  3D and 2D views of LPI’s four-fold Fresnel Kohler concentrator system.  
Yellow arrows indicate the reflections at the Air/Optical elements interfaces.  
Figure is from Ref. [13]. 
 
The light reaching the top of the homogenizer has an angular distribution which 
depends on the f-number of the Fresnel lens employed.  In the case of Ventana CPV 
system, it is equal to 1.43 and the angular distribution at the top of the SOE is ± 20°.   
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A disadvantage of the homogenizer is that it increases the incident angle 
distribution, which reduces the amount of light harvested by the solar cell because the 
reflectance increases as the incident angle increases.  The effect on the angular 
distribution reaching the solar cell depends on the type of homogenizer employed [17].  
The optical efficiency and the irradiance distribution also depend on the type of SOE 
employed [18].  In the case of Ventana CPV system, with ideal perfect tracking the 
angular distribution on the cell is around ± 30°, and around ± 40° for a tracking error of 
1° [13].  In the case of Ventana CPV system, the Fresnel lens is made of Poly (methyl 
methacrylate) (PMMA) and the homogenizer is made of Glass.  The refractive index of 
both materials is around 1.5, which means that at normal incidence each of these 
interfaces reflects around 4% of the incident light, in total accounting for around 12% of 
loses.  Due to the angular distribution reaching the homogenizer, the losses at this 
interface are greater than 4%. 
 
2.2. Approach to reduce the reflectance at the 
optical-elements interfaces 
 
The surface of the front-side of the POE is flat, the back side has the imprinted 
corrugations of the Fresnel lens, and the surface of the SOE is curved.  Figure 2.2 
shows the approach that was implemented in order to nanostructure these three surfaces.  
In the case of Ventana CPV system, the size of one POE is 16 x 16 cm2 and the size of 
one large module containing 36 Fresnel lenses is around 1 m2.  For this reason, a 
considerably scalable technique is required in order to be suitable to apply it on the 
front-and-back side of the POE.  As for the SOE in Ventana CPV system, it has a 
curved front surface, a diameter of 24 mm and height of 22 mm.  Figure 2.2 also 
shows in more detail the SOE’s curved surface.  Finally, a low cost fabrication method 
is preferable so that the three interfaces can be nanostructured in a mass production 
level and have an impact in the CPV industry. 
In order to fulfill all the fabrication requirements, plasma etching method was 
selected.  As for PMMA (POE’s material), a collaboration was initiated with 
Fraunhofer Institute for Applied Optics and Precision Engineering (IOF).  At 
Fraunhofer IOF, Prof. Schulz et al., have employed plasma etching to achieve 
antireflection nanostructures on flat PMMA sheets [19,-21]. 
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Maskless
Plasma 
Etching
PMMA
Flat substrates
(POE front-side)
Corrugated surfaces
(POE back-side)
Glass
Flat substrates
(Flat PV)
Curved surfaces
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Main 
Challenges
•Large size
•Low cost
•Curved and 
corrugated
interfaces
Collaboration with 
Fraunhofer IOF
A novel fabrication 
method was developed
 
Fig. 2.2.  Requirements and research flow in order to reduce the reflectance at the 
three interfaces of the optical elements in transmission-type CPV systems. 
 
The purpose and novelty of this collaboration was to apply the antireflection 
nanostructures on the front-and-back sides of a series of POEs and evaluate their 
performance by transmittance measurements and field tests.  Since the back side of the 
POE has the corrugations of the Fresnel lens, demonstrating the applicability of the 
PMMA antireflection nanostructures for CPV systems represented a particular interest 
in this collaboration.  As for glass (SOE’s material), a novel fabrication method was 
developed using maskless plasma etching.  This fabrication method was initially 
applied on flat substrates and then on the curved SOE.   
Finally, Field tests were carried out in Madrid at LPI-CeDint facilities in which 
reference bare POE and SOE were measured at the same time with nanostructured 
POEs and SOEs and the Jsc and efficiency gains were evaluated. 
 
2.3. RCWA simulations of desirable structures morphology 
 
Simulations of antireflective structures with weak angular dependence on the 
incident angle intended for the POE’s and SOE’s surfaces were carried out using 
Rigorous Coupled Wave Analysis (RCWA) [22]. 
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Simulated nanostructures 
 
Wide-angle antireflection effects can be achieved by subwavelength structures [23]. 
The initial approach to reduce the reflectance at POE’s and SOE’s surfaces was to use 
nanoimprint of Poly (dimethylsiloxane) (PDMS) nanostructures.  For this reason, 
PDMS periodic Moth-eye structures were simulated using RCWA to study the 
reflectance spectra of flat and structured Air/PDMS interfaces.  Finally, direct texturing 
by plasma etching was found to be better suited for the CPV industry, to have better 
durability, and to be more cost effective.  The results obtained for PDMS are analogous 
for the cases of PMMA and glass textures because the refractive index of PDMS is 
approximately 1.41, which is very close to the refractive index of PMMA and glass, 
approximately 1.5. 
Rsoft’s DiffractMOD package was used to carry out RCWA simulations to study 
the reflectance spectra of flat and nanostructured Air/PDMS interfaces, which was used 
to calculate the Jsc of each structure.  In these simulations a 300 µm thick single 
junction GaAs solar cell was considered and the effect of textured PDMS was analyzed.  
The flat and nanostructured PDMS are shown in Fig. 2.3.  The aspect ratio for the 
periodic structured interfaces is equal to Height/Period.  The period of the triangular 
PDMS structure was varied from 50 nm to 1.5 µm and the aspect ratio from 0.5 to 3 as 
shown in Fig. 2.4. 
 
Fig. 2.3.  Flat (left) and periodically textured (right) PDMS interfaces simulated 
using RCWA. 
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First of all, the reflectance of the flat Air/PDMS interface was simulated to 
calculate its Jsc and to use it as a reference to normalize the results of the nanostructured 
case.  Also, angular dependence simulations were carried out to assess the performance 
of each structure regarding the angular distribution coming from the POE.   
 
Fig. 2.4. Jsc improvement of structured PDMS compared to flat PDMS at 
normal incidence. 
 
The maximum improvement at normal incidence of structured PDMS over flat 
PDMS is 3%.  Low diffraction at the Air/optical-elements in R1 and R2 is desirable to 
avoid scattering.  Therefore, a small period is preferred e.g. 100 nm, which reaches the 
maximum improvement with an aspect ratio equal to 3.  Such structure could be used 
on the surfaces of the POE and SOE to reduce the reflectance and maximize the 
transmitted power.  The angle dependence of the reflectance was simulated between 0 
and 70° and the dependence of flat PDMS was used to normalize the dependence of 
structured PDMS of Period equal to 100 nm and with aspect ratio from 1 to 3 as shown 
in Fig. 2.5.  As the aspect ratio increases, the improvement of the structured PDMS 
increases compared to the flat case; hence a low period and high aspect ratio is the 
desirable structure for the Air/optical-elements interfaces. 
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Fig. 2.5.  Jsc angle dependence improvement of structured PDMS (Period = 100 
nm) compared to flat PDMS. 
 
In CPV systems the incident angle distribution to the SOE depends on the 
f-number of the Fresnel lens or mirror employed.  The geometry of the SOE can also 
affect the angle of incidence.  The Jsc improvement shown in Fig. 2.5 corresponds to 
the case where all light is normally incident (0°), but the real improvement is greater 
due to the incident angle distribution.  To evaluate the improvement on each type of 
CPV system, the percentage of light incident at each angle need to be normalized by the 
angle of incidence dependence shown in Fig. 2.5.  
 
2.4. Reducing the dew condensation on POE’s back side 
 
2.4.1. Dew condensation on POE’s back side 
 
Dew condensation on the POE occurs typically after a rainy day or in the morning 
depending on the humidity of each location.  Dew condensation can occur on the front 
and/or back side of the POE.  Daido Steel employs breathing holes in order to avoid 
dew condensation on POE’s back side.   
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Despite the breathing holes, dew accumulation persists as shown in Fig. 2.6.  In 
an installation at Toyohashi, Japan, the annual CPV energy generated decreased 1.21% 
in 2004-2005 period and 2% in 2005-2006 period.  Figure also shows that as the 
module is dried up the module output increases [24]. 
 
 
Fig. 2.6.  Dew accumulation on the inner-side of Daido Steel’s POE (left) and its 
effect on the module output throughout the day (right).  Figures are from Ref. [24]. 
 
2.4.2. Dew condensation on POE’s front side 
 
In the case of Soitec, despite employing air blow at night in large scale CPV plants, 
to avoid dew condensation on POE’s back side, a slow morning rise in the power 
generated was observed, which corresponded to dew accumulation on the POE’s front 
side as shown on Fig. 2.7.   
 
Fig. 2.7.  Power plant output effect of dew accumulation on the outer-side of 
Soitec’s POE.  Figure is from Ref. [25]. 
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Air blow prevents dew condensation on the POE’s back side, but it may represent a 
significant effect in cost and maintenance and the dew condensation on POE’s front side 
is still unsolved by neither breathing holes nor air blow inside the modules. 
 
2.4.3. Hydrophobic functionalization of nanostructured surface 
 
In order to solve the dew accumulation on the back side of the POE, the 
application of a hydrophobic coating on the backside of POE was proposed and its 
realization made part of the collaboration with Fraunhofer IOF.  The purpose set was 
to apply a hydrophobic coating on the antireflection nanostructured surfaces thus 
achieving higher power generation by increased transmittance and preventing dew 
accumulation on POE’s back side.  In order to consider the applicability of this 
hydrophobic coating to prevent the dew accumulation on POE’s front side, the 
durability of the coating to the outer environment also needs to be evaluated but it is out 
of the scope of this present study. 
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PMMA substrates 
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3.1. Previous researches on antireflection methods for flat 
glass surfaces 
 
Glass is a widespreadly used material in optical components for applications 
ranging from ultraviolet to near-infrared wavelengths.  Applications in optics or 
optoelectronics such as sensors, displays, cover glasses, solar cells, or lenses can be 
beneficiated by antireflection.  In order to reduce the reflectance, several techniques 
have been developed such as thin film coatings [26], nanoimprint [27], oblique angle 
deposition [28], and periodic patterning or moth-eye [29-31].  Simpler methods using 
sacrificial thin metallic or organic layers, or spheres as mask combined with plasma 
etching has also been demonstrated on borosilicate glass, fused silica, and quartz 
[32-39].  The use of a sacrificial mask or thin films with precise thickness, limit the 
applicability of these techniques to curved surfaces such as lenses, LPI’s FK secondary 
[13] or REhnu’s ball lens [40] in concentrator photovoltaic systems. 
 
Fig. 3.1.  Schema of deposition system (left) and reflectance spectra with and 
without universal visible AR on various glasses (right).  Figures are from Ref. 
[26]. 
 
Figure 3.1 shows the fabrication method and reduction of reflectance by applying 
thin film antireflection coatings on glasses with different refractive indexes.  Thin-film 
antireflection coatings are effective for narrow spectral ranges and the reflectance 
rapidly increases outside the optimized range, which limit their applicability for CPV 
systems because for highest efficiency, broadband antireflection effect is required. 
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Fig. 3.2.  Effective refractive index dependence (left) and porosity dependence 
(right) on the deposition angle.  Figures are from Ref. [28]. 
 
Oblique angle deposition relies on angle controllability in order to achieve the 
desired effective refractive index as shown in Fig. 3.2.  The deposition methods of thin 
film coatings and oblique angle deposition require precise control of the thickness and 
deposition angle, respectively, which limits their applicability to the curved surface of 
SOEs in CPV systems. 
 
 
Fig. 3.3.  Nanoimprint process flow and SEM images of the mold and imprinted 
surface (left) and measured and simulated transmittance spectra (right).  Figures 
are from Ref. [27]. 
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Lithography or nanoimprint techniques can achieve controllable, high density, and 
periodic structures as shown in Fig 3.3 and 3.4, respectively.  Nanoimprint relies on a 
polymer material that is cured by a thermal of UV process.  For this reason, small 
nanostructures with high aspect ratio are mode difficult to achieve than by using 
lithography as the ones shown in Fig. 3.4 (F). 
 
Fig. 3.4.  Fabrication process steps of periodic tapered high aspect ratio 
nanostructures on fused silica using lithography and plasma etching.  The white 
bars represent 200 nm and the figure is from Ref. [29]. 
 
Fig. 3.5.  Averaged TE and TM transmittance spectra at different angles of 
incidence on both-sides patterned fused silica.  Figure is from Ref. [29].   
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The high aspect ratio nanostructures fabricated by lithography on fused silica 
achieved broadband antireflection effect as shown in Fig. 3.5.  Nanoimprint and 
lithography are promising techniques, but their applicability is limited to small surfaces 
and are constrained by the cost, and time required for their fabrication. 
Lithography-free fabrication methods have also been proposed employing metallic 
or organic self-generated masks.  Fig. 3.6 (left) shows the fabrication of self-generated 
metallic mask on the glass surface.  At first, a Ag or another metallic thin film is 
deposited; then by thermal dewetting the thin film self-assembles into Ag nanoparticles 
masks.  Finally, these nanoparticles serve as mask to protect the subjacent glass to the 
plasma etching process resulting in a nanostructured surface.  The size and distribution 
of the Ag nanoparticles, and the obtained nanostructures strongly depend on the 
thickness of the deposited metallic layer as shown in Fig. 3.6 (right). 
 
 
Fig. 3.6. Fabrication of antireflection nanostructures on borosilicate glass metallic 
layer deposition, thermal dewetting, and plasma etching (left) and dependence of 
the morphology and transmittance spectra on the thickness of the deposited 
metallic layer (right). All figures are from Ref. [40]. 
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The surface nanostructuration employing an organic self-generated mask on the 
surface of quartz is shown in Fig. 3.7.  In this process, at first a PMMA layer is 
deposited on the surface; then under plasma etching PMMA creates a self-generated 
mask and protects the subjacent glass or quartz to the plasma etching process resulting 
in a nanostructured surface.  The sizes of the obtained nanostructures depend on the 
thickness of the deposited metallic layer as shown in Fig. 3.6 (right).  The expected 
thicknesses of A2, A8, and A11 are 50, 500, and 800 nm.   
The difference between the thickness dependence of the metallic [40] and organic 
[35] layers deposited in these two studies might be the results of various fabrication 
parameters as well as the fact that borosilicate glass was employed below metallic mask 
and quartz below organic mask.  
Compared to lithography, lithography-free methods employing metallic or organic 
self-generated masks can be applied on surfaces with larger area and at lower cost, but 
due to the need of a deposited layer and the thickness dependence of such layer; their 
applicability to the curved surface of SOEs in CPV systems is limited. 
 
 
Fig. 3.7.  Nanopillars on quartz substrates obtained by using three types of PMMA 
layers and subsequent self-generated mask formation and plasma etching (left) and 
transmittance spectra of each nanostructured surface (right).  All figures are from 
Ref. [35]. 
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Scattering surfaces are attractive for applications in lighting engineering and can 
also enhance the performance of solar cells [41, 42], or OLEDs [43-45] because they 
randomize the incident k-vector of the light leading to a light trapping effect [46].  
Additionally, they have a variety of other applications including architecture and design.  
Scattering surfaces on glass can be achieved by wet etching-, heat-, or laser-assisted 
methods with drawbacks in defects generation, reproducibility, or scalability [42, 47, 
48].  Maskless plasma etching fabrication of scattering surfaces has been reported only 
on borosilicate glass [42, 49].  Employing a metallic or organic assistance-mask, 
scattering surfaces were also obtained on borosilicate glass, fused silica, and soda-lime 
glass [50-52]. 
 
3.2. Maskless plasma etching on glass. 
 
Fig. 3.8 summarizes the antireflection or scattering properties that have been 
reported by using maskless or assistance mask plasma etching on various glasses and 
quartz.  When employing an assistance mask prior to plasma etching i.e. deposition of 
a metallic or an organic layer, antireflection effect has been reported on borosilicate 
glass, on fused silica, and on quartz [32-39].  In a similar process, after depositing a 
metallic or an organic layer on borosilicate glass and fused silica, scattering effect has 
been observed [50-52].  Maskless plasma etching has only been reported on 
borosilicate glass resulting in scattering surface [42, 49]. 
For the purpose of applicability to the curved surface of SOEs in CPV systems, a 
novel fabrication process consisting in maskless plasma etching to obtain broadband 
antireflection effect is needed and it is one of the main directions of the research carried 
out during this thesis.  The absence of deposited mask allows the fabrication on curved 
surface and the plasma etching process itself is low cost, scalable to large areas, and 
suitable to current production lines. 
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Fig. 3.8. Summary of the literature review on glass nano-microstructuration by 
maskless or assistance mask plasma etching obtaining antireflection or scattering 
on various types of glasses. 
 
To our knowledge, fabrication of broadband antireflection structures using plasma 
etching without lithography or the assistance of any predeposited mask, as presented in 
this thesis, has not been reported.  One of the main efforts has been to develop a low 
cost maskless, i.e. lithography-free and assistance-mask-free, fabrication method of 
broadband antireflection structures directly on the surface of glass, which can be 
cost-effectively applied in large areas and potentially in curved optical elements.  
Moreover, structures directly patterned on the glass surface have better thermal and 
mechanical performance than thin film coatings [38]. 
Schott B270 glass, also called superwhite, is a high grade glass material for optical 
components and its composition is very close to the composition employed in SOEs for 
CPV systems.  For this reason, Schott B270 has been the model and the material most 
studied in this research.  Fabrication of broadband antireflection nanostructures by 
maskless plasma etching was achieved on Schott B270 substrates.   
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The same process was applied to other type of glasses and quartz.  In soda-lime 
substrates the transmittance was also improved, but less than in B270, in borosilicate 
substrates rough scattering surfaces were fabricated, on quartz substrates structures 
formation was not observed.  A customized glass composition, Na2O-free B270 was 
studied showing as good performance as in commercial B270.  Finally, very broadband 
antireflection effect was also obtained in CeO2 doped cover glasses, which are the 
glasses employed to protect the solar cells in space. 
 
3.2.1. Background of plasma etching 
 
To texture the surface a mask is required.  This mask can be pre-deposited or 
self-generated.  Typically, the pre-deposited mask it done through a lithography 
process [29].  Other pre-deposited masks include metallic or organic layers that 
through dewetting or plasma etching become randomly distributed masks [35, 39].  
The purpose of the mask is to protect the material below the mask from the physical and 
chemical interactions induced during the plasma etching process.  In plasma etching, 
both physical and chemical interactions can be controlled, which allows very high 
selectivity. 
 
 
Fig. 3.9.  Schema of the processes in plasma etching and the role of the mask.  
Figure is from Ref. [53]. 
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The physical etching is carried out by high energy particles bombarding the surface 
of the sample.  To protect the material below the mask, the mask has to be much 
stronger than the substrate against this particle bombardment.  In this way, by the 
difference of the strength against the physical etching between the mask and the 
substrate, the substrate is physically etched creating the desired shape.  The chemical 
etching is carried out by reactive chemical species that chemically attack the substrate 
and removes it from the surface.  In this case, the role of the mask is to be inert against 
the chemical attack.  The mask being inert to the chemical attack, protect the material 
below the mask and other areas of the substrate are chemically etched creating the 
desired shape.  These interactions are summarized in Fig. 3.9. 
CHF3 in Reactive Ion Etching (RIE, Anelva DEA 507L) was employed to directly 
fabricate broadband antireflective structures on B270 surfaces without the assistance of 
any predeposited mask.  The optimized etching parameters were 40 min, 800 W RF 
power, 75 sccm, and 2 Pa of pressure.  The same process was applied to various types 
of glasses and quartz.  After the CHF3 process, 10 min O2 plasma etching was applied 
for cleaning the residual fluorocarbon polymer from the surface of the samples. 
 
3.2.2. Composition of B270 glass and other employed glasses 
 
In the present work, B270, D263 (Schott AG), and soda-lime (Asahi Glass Co.) 
glasses with typical dimensions of 76 x 26 x 1.1t mm3 were employed.  As a high 
purity bulk SiO2 sample, quartz substrates with dimensions of 18 x 18 x 0.5t mm3, were 
also treated.  LIBA 2000 glass substrates provided by LPI, which is the same material 
as the SOE in the Ventana CPV system, were also evaluated.  A customized glass 
composition, Na2O-free B270, and CeO2 doped cover glasses provided by Qioptiq were 
also evaluated.  The glass composition provided in the Material Safety Data Sheet 
(MSDS) of some of the glasses employed in this study is summarized in Table1. 
All substrates were cleaned in a 1% Contaminon solution (Wako Pure Chemical 
Industries, Ltd.) ultrasonic bath for 30 min, then rinsed in an ultrasonic bath with 
Milli-Q (Millipore Co.) deionized water for 30 min, and finally dried at 80°C for 10 
hours.  After the CHF3 and O2 plasma etching processes, a final cleaning process in an 
ultrasonic bath with deionized water for 5 min and drying was performed.  In some 
cases, SPM process (Piranha solution) was also employed as cleaning processes after 
fabrication of the nanostructured surfaces. 
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Table 1. MSDS composition data (%) 
Chemical 
formula B270 D263 Soda-Lime 
SiO2 >51 50-60 70-74 
Al2O3  1-10 0-3 
CaO 1-10 <1 6-12 
Na2O 1-10 1-10 12-16 
K2O 1-10 1-10  
BaO 1-10   
ZnO 1-10 1-10  
MgO  1-10 0-6 
Sulfur  <1  
B2O3  1-10  
Sb2O3 <1   
TiO2 <1 1-10  
 
Table 1.  MSDS composition data of B270, D263, and soda-lime glasses. 
 
3.2.3. Optical properties 
 
Optical setup 
 
In order to characterize the transmittance of the glass and PMMA substrates, 
Fresnel lenses, and aspheric lenses, an optical setup was built to achieve a collimated 
beam to scan the surface of the samples and collect the light into an integrating sphere 
as shown in Fig 3.10.  In the case of Fresnel lenses optical characterization, the highly 
collimated beam was necessary to emulate the condition of sun tracking.  The sun has 
a divergence of 0.266° and the divergence of the employed collimated beam was below 
0.2°.  The collimated beam was also particularly useful when evaluating the angle of 
incidence dependence on bare and nanostructured glass substrates.   
The light intensity fluctuation in measurement time was below 0.2%.  The 
transmittance of the glass substrates was measured from 400 nm to 1000 nm using a 1 
cm diameter collimated beam at three different substrate positions to evaluate the 
homogeneity of the fabrication process.   
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For the transmittance measurements, the samples were placed 2 mm distant from 
the front port with the untreated side facing the integrating sphere.  For the same 
spectral region, diffuse reflectance measurements were carried out placing the treated 
side of the substrates in contact with the back port and ensuring that the specular 
reflectance was outside the integrating sphere. 
 
Xe lamp Plano-convex lenses
Pin
hole Iris
 
Fig. 3.10.  Optical setup built to obtaining a collimated beam to evaluate the 
optical properties of nanostructured glass and PMMA substrates and lenses. 
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Transmittance at normal incidence  
 
The transmittance of bare B270 is around 92% in the measured spectra as shown in 
Fig. 3.11 (black).  After optimizing the CHF3 plasma etching parameters, an increase 
in the transmittance was observed in one-side textured B270 substrates compared to the 
bare ones.  However, the transmittance decreased with decreasing the wavelength in 
the whole measured spectra as shown in Fig. 3.11 (red).  In addition, after CHF3 
plasma etching, the substrates were slightly yellowish, which may correspond to 
fluorocarbon films that polymerize during plasma etching processes as has also been 
observed [54-57].   
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Fig. 3.11.  Transmittance spectra after CHF3 (40 min) and O2 (10 min) plasma 
etching, deionized water rinsing, and SPM processes on one and both sides of 
B270 glass. 
 
Subsequently, O2 plasma etching was performed as a cleaning process to remove 
the yellowish deposited material and the transparency was recovered as shown in Fig. 
3.11 (green).  Sodium fluoride (NaF) crystals of 500 nm to 1.5 µm in size were 
observed by SEM-EDX on the surface of B270 after CHF3 plasma etching as shown in 
section 3.2.5.  These crystals were removed, dissolving them by immersing the 
substrates in an ultrasonic bath with deionized water for 5 min.   
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The transmittance was further improved after removing them reaching almost 96% 
as shown in Fig. 3.11 (blue).  A final SPM cleaning process was applied resulting in 
almost no effect or a very slight increase of the transmittance at short wavelengths as 
shown in Fig. 3.11 (magenta).  These processes were applied on both sides of B270 
substrates achieving over 99% transmittance in a broad range of the measured spectrum 
as shown in Fig. 3.11 (cyan).  On the B270 substrates with both nanostructured sides, 
the SPM cleaning process had an additional broadband increase in the transmittance as 
shown in Fig. 3.11 (orange).  The achieved antireflection performance on the double 
side treated sample was larger, especially at short wavelengths, than recent sophisticated 
lithography methods [29]. 
 
Transmittance angle of incidence dependence 
 
The transmittance angle of incidence dependence was evaluated on bare, one-side 
treated, and both-sides treated samples by placing them 2 cm in front of the integrating 
sphere and rotating them from 0° to 60° by steps of 5°.  The transmittance angle of 
incidence dependences on bare, one-side treated, and both-sides treated are shown in 
Fig. 3.12, Fig. 3.13, and Fig. 3.14, respectively.  For the purpose of visualizing the 
improvement the same scale of the vertical-axis is kept in the three figures. 
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Fig. 3.12.  Transmittance angle of incidence dependence spectra from 0° to 60° 
on bare B270 substrate. 
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Fig. 3.13.  Transmittance angle of incidence dependence spectra from 0° to 60° 
on B270 substrate after CHF3 (40 min) and O2 (10 min) plasma etching, and 
deionized water rinsing on one side. 
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Fig. 3.14.  Transmittance angle of incidence dependence spectra from 0° to 60° 
on B270 substrate after CHF3 (40 min) and O2 (10 min) plasma etching, and 
deionized water rinsing on both sides. 
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In summary, Fig. 3.12, Fig. 3.13, and Fig. 3.14 show that by texturing one side, the 
obtained broadband transmittance remains all over the measured angle of incidence 
range and that the reduction of the transmittance by increasing the incident angle is 
lower than the bare case as shown in Table 2.  By texturing both sides the 
transmittance enhancement increases.  In addition, by texturing both sides the 
reduction of the transmittance by increasing the incident angle is significantly reduced 
as shown in Table 2. 
 
AOI T. Bare T. One side T. Both sides 
0° 91.68% 95.2% 99.23% 
60° 84.1% 88.5% 95.46% 
Diff. 0°-60° 7.58% 6.7% 3.77% 
Table 2.  Summarized transmittance difference at 0° and 60° at 600 nm on Bare 
B270 substrate, and after CHF3 (40 min) and O2 (10 min) plasma etching, and 
deionized water rinsing processes on one and both sides. 
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Fig. 3.15.  Transmittance angle of incidence dependence spectra at 600 nm from 
0° to 60° on bare B270 substrate, and after CHF3 (40 min) and O2 (10 min) plasma 
etching, and deionized water rinsing on one and both sides. 
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The transmittance angle of incidence dependence on bare, one-side treated, and 
both-sides treated from 0° to 60° for an incident wavelength of 600 nm is summarized 
in Fig 3.15 showing the transmittance increase and the lower angle of incident 
dependence by texturing one and both sides of B270 substrates. 
 
3.2.4. Surface morphology by AFM 
 
Surface morphologies were evaluated using Scanning Electron Microscope (SEM) 
and Atomic Force Microscope (AFM, Nanonavi Station/E-sweep, SII Nanotechnology).  
Figure 3.16 shows AFM images of the bare glass surface morphology and after 40 min 
CHF3 plasma etching, and after 10 min SPM process.  Figure 3.16 revealed the 
subwavelength nature of the structures formed in B270 that originated the antireflection 
effect and that the SPM process did not induce any significant morphology modification 
within the AFM resolution.  Fig. 3.16 does not resolve the whole height of the 
structures due to the short separation between individual “pillars”. 
 
Bare After 40 min CHF3
0 (nm)  2.80 0 (nm)        130.28
After 10 min SPM
0 (nm)  96.61
 
 
Fig. 3.16.  AFM images of bare B270 substrate (left), after CHF3 (40 min) and O2 
(10 min) plasma etching processes (right), and after subsequent 10 min SPM 
process.  The white bar represents 1µm. 
 
After 10 min O2 plasma etching there was a broadband transmittance enhancement.  
The surface morphology after 1 and 10 min O2 plasma etching was evaluated, but it 
shows that within AFM resolution the O2 cleaning process did not have an effect on the 
morphology as shown in Fig.3.17. 
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40 min CHF3 + 1 min O2 + 10 min O2
0 (nm)  122.20 0 (nm)  113.53 0 (nm)  130.28
 
Fig. 3.17.  AFM images of the nanostructured surface after 40 min CHF3 plasma 
etching (left) and after subsequent 1 min (middle) and 10 min (right) O2 plasma 
etching. 
 
3.2.5. Surface morphology and composition by XPS and SEM-EDX 
 
X-ray photoelectron spectroscopy (XPS) using AlK-α X-rays was employed to 
characterize the composition of the surface of the glass substrates before and after both 
plasma etching processes on each type of glass and on quartz.  Surface composition 
measurements were also carried out by means of SEM Energy Dispersive X-ray 
spectroscopy (SEM-EDX) using Hitachi FESEM S-4700.   
On B270 glass, the XPS spectra was measured on the bare surface and after CHF3 
plasma etching, O2 plasma etching, deionized water rinsing, and SPM process.  On the 
bare surface, the Si 2p (103.5 eV), Si 2s (155 eV), and O 1s (533 eV) peaks were clearly 
observed as shown in Fig. 3.18 (red).  Also, small Ca 2p (348 eV), Ca 2s (440 eV), 
Auger Na KLL (493 eV, 532 eV, 561 eV) peaks and a small broad contamination related 
C 1s (287 eV) peak were observed.  This result on the bare surface is in agreement 
with the MSDS data summarized in Table1.   
After the CHF3 plasma etching process, the Si 2p, Si 2s, and O 1s peaks vanished 
almost completely and it was very hard to observe any clearly defined peak as shown in 
Fig. 3.18 (green).  After the O2 plasma etching process, Ca 2p, Ca 2s, Auger Na KLL, 
and F 1s (688 eV), peaks became dominant, but the Si 2p, Si 2s, and O 1s peaks 
remained very small as shown in Fig. 3.18 (blue).  At this point a very important 
surface composition modification was observed.   
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The significance of this surface modification is that the oxides (CaO and Na2O) 
contained in B270, under CHF3 plasma etching reacted forming fluoride compounds 
(Ca, F) and (Na, F) that remained on the surface.  The decrease of the Si 2p, Si 2s, and 
O 1s peaks results from the selective removal of Si by CHF3 plasma etching and the low 
boiling point of SiF4 and OF2, which is below 0°C.  These results show that the 
observed nanostructured surfaces by AFM have a different surface composition that the 
initial bare B270.  Also, surface nanostructuration and transmittance enhancement 
occurred after the CHF3 plasma etching process suggesting that the formation of the 
fluorides on the surface played a key role on the fabrication of the nanostructures.     
After deionized water rinsing process, the Ca 2p, Ca 2s, Auger Na KLL, and F 1s 
(688 eV), peaks were still visible, but decreased.  Also, the Si 2p, Si 2s, and O 1s 
peaks slightly increased as shown in Fig. 3.18 (magenta).   
Finally, after SPM process, Ca 2p, Ca 2s, Auger Na KLL, and F 1s peaks further 
decreased and the Si 2p, Si 2s, and O 1s peaks were clearly visible again as shown in 
Fig. 3.18 (orange). After the SPM process a surface composition somehow similar to the 
composition on the bare substrate was reached. 
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Fig. 3.18.  XPS spectra carried out on bare B270 substrates and after the CHF3 (40 
min) and O2 (10 min) plasma etching, deionized water rinsing, and SPM processes. 
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The transmittance measurements on one side treated B270 glass shown in Fig. 3.11 
show that the transmittance enhancement observed after deionized water rinsing is 
accompanied by a surface composition modification.  Fig. 3.19 supports that the 
dissolution of scattering NaF crystals on the surface originated this gain, which also 
explains the decrease of the Na KLL and F 1s peaks shown in Fig 3.18 (Magenta).  
Perhaps, (Ca, F) compound on the surface was also dissolved by water rinsing.  The 
fact that the composition was returned to the bulk composition without affecting the 
morphology or reducing the transmittance enhancement, suggests that the key role that 
the fluorides play in the fabrication of the nanostructures is localized only on the top 
surface of the nanostructures.  Otherwise, the nanostructures would have been 
dissolved and the transmittance deteriorated.   
Cubic crystals with random distribution and different densities were observed on 
the surface of B270.  The diameter of the XPS beam is approximately 500 µm; 
therefore, the NaF crystals observed in B270 are unavoidably included in the 
measurements.  In B270, the textured surface and cubic crystals composition was 
evaluated using SEM-EDX showing a high Na and F content in the crystals compared 
to the textured surface as shown in Fig. 3.19.  Additionally, the crystal structure of NaF 
is cubic form suggesting that they might be NaF crystals.     
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Fig. 3.19.  SEM-EDX spectra on the textured surface (black) and focused on the 
NaF cubic crystal (red).  The inset shows a SEM image of the textured surface and 
the NaF cubic crystal. 
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The size of the crystals was between 500 nm to 1.5 µm and they act as scatterers 
on the surface.  For this reason, the transmittance was further enhanced after removing 
them by dissolving them in water as shown in Fig. 3.11 (blue).  NaF crystals 
distributed on the surface of B270 after 25 and 80 min CHF3 plasma etching process are 
shown in Fig. 3.20.  Randomly distributed crystals on the surface are shown after both 
25 and 80 min meaning that the NaF crystals are already formed within 25 min of CHF3 
plasma etching and that they remain on the surface after 80 min. 
 
Fig. 3.20.  SEM image of B270 glass after 25 (left) and 80 (right) min CHF3 
plasma etching showing the presence and permanence of NaF crystals on the 
surface. 
 
The effect of the O2 plasma etching process on the NaF crystals was also analyzed 
by looking at oblique view of the cross section as shown in Fig. 3.21.  Since the NaF 
crystals were not removed, it seems that the O2 plasma etching process does not have 
any effect on the NaF crystals and there is only modification after deionized water 
rinsing. 
 
 
Fig. 3.21.  SEM cross-section images of B270 after 40 min CHF3 (left) and 
subsequent 10 min O2 (right) plasma etching. 
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3.2.6. Cross section morphology and composition by STEM-EDX 
 
In order to further analyze the cross section of the antireflection nanostructures 
fabricated on B270 and their composition, Scanning Transmission Electron Microscope 
(STEM) (STEM-EDX) measurements were performed using Hitachi High-Technologies 
HD-2700 and EDAX Genesis. 
Area 1
Area 1
Area 2
Area 2
Point 1
Point 2
Point 1
Point 2
 
Fig. 3.22.  STEM cross-section image of B270 after 40 min CHF3 plasma etching 
(top) and STEM-EDX spectra on two areas and points of the cross-section 
(bottom). 
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The first cross section morphology and composition analysis by STEM-EDX is 
shown in Fig. 3.22.  Regarding the morphology, Fig. 3.22 shows that dense pillars with 
around 100 nm in size and over 300 nm in height were fabricated on the surface of 
B270 glass after 40 min CHF3 plasma etching.   
The high aspect ratio and the small size of the nanostructures explain the 
broadband antireflection effect shown in Fig. 3.11.  The AFM images shown in Fig. 
3.16 could not resolve the whole aspect ratio of the nanostructures because of their high 
density and the small gap of tens of nanometers between them.  In Fig. 3.2, the 
STEM-EDX spectra show the composition of the cross section at two large areas (Area 
1 and Area 2 corresponding to the top part of the nanostructured surface and the bulk 
B270 glass, respectively) and it is also measured at two points (Point 1 and Point 2 
corresponding to the tip of one nanostructure and at a lower position than Point 1 
towards half-height, respectively). 
The cross section composition observed in Area 2 is in agreement with the 
expected results compared to the MSDS data shown in Table 1.  In Area 1, an F peak 
appears and the Ca peaks also increase in intensity compared to the maximum intensity 
of Si and O.  The observed STEM-EDX results are in agreement with the XPS 
measurements shown in Fig. 3.18 in which F and Ca appeared to be accumulated at the 
surface.  More detailed inspection of the pillar composition was carried out by 
evaluating the composition at the tip (Point 1) and towards half-height of one pillar 
(Point 2) as shown in Fig. 3.22.  The STEM-EDX spectra at point 1 shows that F and 
Ca peaks have larger intensity than Si and O owing to their concentration as observed 
by XPS.  The concentration of F and Ca is lowered away from the tip as shown by the 
STEM-EDX spectra at Point 2.   
These results suggest that the (Ca, F) accumulation occurs only at the tip of the 
nanostructures.  This is also in agreement with the conclusion that the key role that the 
fluorides play in the fabrication of the nanostructures is localized only on the top surface 
of the nanostructures in section 3.2.5. 
In order to understand in detail the cross section composition of the pillars 
STEM-EDX mapping was carried out on the nanostructures and composition obtained 
on B270 glass just after 40 min CHF3 plasma etching as shown in Fig. 3.23.  The cross 
section compositions of O, F, Ca, Si and Na by STEM-EDX mapping are shown in Fig. 
3.23.  Figure 3.23 shows that there is a higher Ca and F concentration at the tips of the 
nanostructures compared to the bulk, Si and O density is low at the tips and gradually 
increase from the tips of the nanostructures towards the bulk, and there is not any 
particular concentration of Na in the pillars.  
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Fig. 3.23.  STEM cross section image of B270 after 40 min CHF3 plasma etching 
a).  Elements distribution images of O b), F c), Si d), Ca e), and Na f) obtained by 
STEM-EDX on the a).  The white bar represents 500 nm. 
 
The observed elements distribution supports the formation of a CaF self-generated 
mask at the tips of the nanostructures in agreement with the XPS results shown in Fig. 
3.18.  CaO contained in B270, under CHF3 plasma etching reacted forming (Ca, F) 
compound that self-generated into a mask at the tips of the nanostructures.   
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This (Ca, F) self-generated mask has the two characteristics of a mask that can 
sustain both physical and chemical plasma etching described in section 3.2.1.  As for 
physical plasma etching, CaF2 is a very strong material with boiling point of 2553°C.  
As for chemical plasma etching, (Ca, F) self-generated mask, being a fluoride, reacts 
little or almost nothing with the CHF3 plasma etching.  The accumulation of (Ca, F) at 
the tips of the nanostructures and its resistance against physical and chemical plasma 
etching resulted in the protection of the glass below the (Ca, F) self-generated mask and 
therefore formation of high aspect ratio nanostructures under sustained CHF3 plasma 
etching.  More analysis of the self-generated masks is introduced in section 3.4.  
Figure 3.23 shows that there is not any particular concentration of Na in the pillars, 
which supports that the Na KLL peaks in the XPS spectra correspond only to the NaF 
crystals on the surface as shown in Fig. 3.19.  Figure 3.18 showed a decrease of the Si 
2p, Si 2s, and O 1s peaks in the XPS spectra and Fig. 3.23 shows that more than just a 
decrease of Si and O on the surface, their density is actually gradient from low density 
at the tips of the nanostructures and increasing towards the bulk reaching the same 
density as the bulk at the bottom of the nanostructures.  Si and O are selectively 
removed by CHF3 plasma etching and they do not accumulate on the nanostructures, 
they evaporate owing to the low boiling point of SiF4 and OF2, which is below 0°C.  In 
addition, as the plasma etching process time is sustained; further Si and O selective 
removal occurs towards the top of the nanostructures because they are more accessible 
to the CHF3 plasma, creating a graded density.  After SPM process the Si 2p, Si 2s, and 
O 1s peaks in the XPS spectra were clearly visible again suggesting that after SPM 
process the (Ca, F) self-generated mask is removed and the tips of the nanostructures 
are exposed.  Since after SPM process the morphology and the transmittance 
enhancement were not modified, the exposed tips and nanostructures would still have 
the graded SiO2 density.  It has been reported that “Moth-eye” like nanostructures 
generate a graded refractive index transition that in particular achieves significant 
antireflection effect when the height of the nanostructures is 40% or higher compared to 
the wavelength [30, 31].  The lateral size of the structures is also critical and needs to 
be of subwavelength nature to avoid scattering.  For example, to effectively suppress 
the reflection in the ultraviolet and visible region it has to be smaller than 200 nm [36, 
58].  The outstanding broadband transmittance improvement shown in Fig 3.11 by the 
fabricated nanostructures shown in Fig. 3.22 can be better understood by the 
combination of a geometrical “Moth-eye” effect and a graded material density of SiO2 
in the nanostructures.  Furthermore the observed random nature of the fabricated 
structures cause no diffraction patterns compared to the periodic ones [32]. 
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3.2.7. Aspect ratio tunability and fabrication process 
 
Etching ratio in B270 and quartz 
 
In order to evaluate the etching ratio on B270 and quartz, a 300-nm-thick 
aluminum pattern was deposited on the glass surface through a stencil mask.  Then, 
CHF3 plasma etching was applied at different duration times between 1 to 80 min.  
Typically, RF power equal to 800 W was employed.  The RF power dependence is 
introduced at the end of this section.  Finally, the aluminum mask was removed using 
tetramethyl ammonium hydroxide (Tokyo Ohka Kogyo Co.) and the profile of the hills 
and valleys was measured using Dektak XT (Bruker).  The depth of the valleys 
represents the etching depth shown in Fig. 3.24. 
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Fig. 3.24.  Etching depth on B270 and quartz after 1 to 80 min CHF3 plasma 
etching using a protective 300-nm-thick Aluminum mask and measured by DekTak 
after removing it. 
 
Under RF equal to 800 W, Fig. 3.24 shows that the etching ratio on quartz is 
approximately 30 nm per min, while it is approximately 11 nm per min, on B270 glass, 
on which it tends to saturate after 80 min.  Figure 3.22 shows that nanostructures with 
a height over 300 nm were fabricated after 40 min CHF3 plasma etching.  Figure 3.24 
shows that for the same plasma etching time, a thickness of 445 nm was removed from 
the surface of bare B270 glass.  Figure 3.23 showed that there is a self-generated (Ca, 
F) mask that remained at the tip of the nanostructures and allowed their formation.   
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This (Ca, F) self-generated mask was formed from the CaO contained in B270 and 
the reaction with CHF3 plasma etching.  The amount of Ca required for self-generating 
the mask that allowed the formation of the nanostructures shown in Fig. 3.22 came from 
the 445 nm that were removed from the B270 surface.  This observation indicates that 
there is a certain amount of CaO reacting with CHF3 plasma etching needed for 
self-generating the (Ca, F) mask and begin fabrication of the nanostructures.  The loss 
of the almost linear tendency and tendency to saturate after 80 min of sustained CHF3 
plasma etching may be originated by the formation of a thicker (Ca, F) etch-stop layer. 
 
Optical properties 
 
The transmittance of the B270 substrates treated with CHF3 plasma etching applied 
at different duration times between 1 to 80 min was measured just after CHF3 plasma 
etching, after subsequent O2 plasma etching, and after subsequent deionized water 
rinsing as shown in Fig 3.25, Fig 3.26, and Fig. 3.27, respectively.  Figure 3.25 shows 
that only after 20 min of CHF3 plasma etching transmittance enhancement was obtained.  
Even after O2 plasma etching and deionized water rinsing, there is no significant 
transmittance enhancement for the applied plasma etching times below 20 min.  Figure 
3.24 shows that between a to 20 min the etching depth increases linearly with CHF3 
plasma etching time, which indicates that between 10 to 20 min enough (Ca, F) 
self-generated mask was reached and surface nanostructuration began. 
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Fig. 3.25.  Transmittance spectra dependence on the CHF3 plasma etching time 
from 1 to 80 min. 
 44 
400 500 600 700 800 900 1000
91
92
93
94
95
96
 
 
Tr
an
sm
itt
an
ce
 
(%
)
Wavelength (nm)
 B270 bare
 After 1 min CHF3, O2
 After 5 min CHF3, O2
 After 10 min CHF3, O2
 After 20 min CHF3, O2
 After 30 min CHF3, O2
 After 40 min CHF3, O2
 After 60 min CHF3, O2
 After 80 min CHF3, O2
 
Fig. 3.36.  Transmittance spectra dependence on the CHF3 plasma etching time 
from 1 to 80 min.  Subsequent 10 min O2 plasma etching was applied on all 
samples. 
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Fig. 3.27.  Transmittance spectra dependence on the CHF3 plasma etching time 
from 1 to 80 min.  Subsequent 10 min O2 plasma etching and deionized water 
rinsing were applied on all samples. 
 
Just after CHF3 plasma etching there was low transmittance enhancement at short 
wavelengths accompanied by slight yellowish coloration of the samples.  The intensity 
of this coloration increased with increasing time meaning that with longer time, more 
fluorocarbon polymer is deposited.  After subsequent O2 plasma etching, the 
transmittance at short wavelengths was recovered and after subsequent deionized water 
rinsing the transmittance further increased owing to the removal of NaF crystals. 
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Cross sections by SEM 
 
In order to evaluate the morphology dependence of the structures on CHF3 plasma 
etching time, SEM images of the cross sections on samples treated from 20 to 80 min 
were obtained as shown in Fig. 3.28. 
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Fig. 3.28. SEM images of the nano-pillars aspect ratio dependence on the CHF3 
plasma etching time from 20 to 80 min. 
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Nanostructured surface after CHF3 plasma etching was observed from an etching 
time of 20 min.  Samples treated from 1 to 10 min did not show nanostructured surface.  
This result is in agreement with the transmittance enhancement shown in Fig 3.27 
where only after 20 min transmittance enhancement was observed.  This result also 
supports that between 10 to 20 min enough (Ca, F) self-generated mask was reached 
and surface nanostructuration began.  As shown in Fig. 3.27, the optical properties of 
the nanostructured surface can be tuned by controlling the plasma etching time, which 
controls the aspect ratio of the nanostructures.  The size of the nanostructures appeared 
approximately constant around 100 nm, while the aspect ratio increased with increasing 
CHF3 plasma etching time as shown in Fig. 3.29.   
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Fig. 3.29.  Approximated pillar height measured on the SEM images of B270 
substrates after CHF3 plasma etching from 20 to 80 min. 
 
Figure 3.29 shows that at the beginning the aspect ratio of the nanostructures 
rapidly increases with time, but that the speed of the pillar height increase with time 
decreases as the CHF3 plasma etching time increases because as the nanostructures 
aspect ratio becomes larger and due to their high density and small inter-distance, it 
becomes harder for the ions to selectively remove Si and O at the bottom of the 
nanostructures.  This is also evidenced by the narrowing of the gap between the bottom 
of the pillars. 
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Fabrication process 
 
Based on the XPS, STEM-EDX, Dektak, and SEM results, a model describing the 
fabrication process of random high density nanostructures with controllable aspect ratio 
using maskless CHF3 plasma etching on bare B270 glass is proposed in Fig. 3.30. 
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Fig. 3.30.  Model of the surface nanostructuration process using CHF3 plasma 
etching on B270 glass, based on the XPS, STEM-EDX, Dektak, and SEM results. 
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The model proposed in Fig. 3.30 shows that from the beginning of the CHF3 
plasma etching process, the whole surface of the B270 glass decreases creating the 
etching depth shown in Fig. 3.24.  As the etching depth increases, from the available 
CaO in B270 glass, the (Ca, F) self-generated mask is formed and once it reaches a 
certain size or thickness, fabrication of the nanostructures can begin.  The threshold 
from which enough (Ca, F) self-assembled mask formation and nanostructures 
formation began is between 10 to 20 min as supported the transmittance enhancement 
and SEM images shown in Fig. 3.27 and Fig. 3.28, respectively.  Finally, with 
increasing CHF3 plasma etching time, the aspect ratio of the nanostructures increases as 
summarized in Fig. 3.29.  One additional observation is that as the nanostructures 
aspect ratio increased with CHF3 plasma etching time, the etching depth also increased; 
meaning that the whole front of (Ca, F) self-generated mask is going downwards with 
increasing CHF3 plasma etching time.  The (Ca, F) accumulation only at the tips of the 
nanostructures and the increasing etching depth with time suggests that the (Ca, F) 
self-generated mask at the tips of the nanostructures observed after 20 min CHF3 plasma 
etching is not the same as the one on the tips of the nanostructures observed after 80 
min, which indicates that there is decomposition and re-self-generation of the (Ca, F) at 
the tips of the nanostructures under sustained CHF3 plasma etching.  More analysis of 
the self-generated masks is introduced in section 3.4. 
 
Pillar and Tapered nanostructures shapes 
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Fig. 3.31.  Transmittance spectra and cross-section images of “Tapered” and 
“Pillar” nanostructures obtained after CHF3 (40 min) plasma etching.  
Subsequent 10 min O2 plasma etching and deionized water rinsing were applied on 
both samples. 
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The SEM cross section images of B270 glass substrates after CHF3 plasma etching 
show that pillar as well as tapered morphologies can be obtained as shown in Fig 3.31 
and Fig. 3.32 for 40 and 80 min plasma etching time, respectively.  The tapered shapes 
have sharper tips and the width of the nanostructures increases towards the bottom.  
The tapered geometry is in accordance with the “Moth-eye” principle to obtain 
antireflection effect in which a graded effective refractive index is obtained by the 
tapered shape [30, 31].   
Pillar shapes are expected to have lower transmittance enhancement than tapered 
shapes because the pillar geometry creates a less gradient effective refractive index 
compared to the tapered shape.  Unintuitively, the performance of the pillar 
nanostructures is about the same or even slightly better at short wavelengths than the 
tapered shape obtained after 40 min CHF3 plasma etching.  Figure 3.23 showed that 
the nanostructures have graded SiO2 density from low density at the tips and increasing 
towards the bottom of the nanostructures, which enhances the antireflection effect of the 
nanostructured surface.  The graded SiO2 density and the transmittance enhancement 
shown in Fig. 3.31 suggest that independently of the shape, the graded SiO2 density 
plays the main role that achieves broadband transmittance enhancement.  In some 
cases, the tapered shape outperforms the pillar shape as shown in Fig. 3.32, but both 
characteristics the shape and the composition of the nanostructures should be evaluated 
to consider the influence of each to the transmittance enhancement. 
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Fig. 3.32.  Transmittance spectra and cross-section images of “Tapered” and 
“Pillar” nanostructures obtained after CHF3 (80 min) plasma etching.  
Subsequent 10 min O2 plasma etching was applied on both samples. 
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RF power dependence and threshold 
 
Typically, RF power equal to 800 W has been employed.  RF equal to 1000 W 
(the maximum RF power of the Anelva DEA 507L machine) was also tested applying 
CHF3 plasma etching during 40 and 80 min to see if by increasing the RF power the 
fabrication process could be accelerated, but the same etching depth was obtained as 
shown in Fig. 3.24 (blue). 
The reproducibility of the fabrication process on a lower RF power RIE machine 
(SAMCO, RIE-10NR) was also evaluated.  In this machine, the maximum RF power is 
300 W.  RF power equal to 125 and 200 W was tested applying CHF3 plasma etching 
during 20 min.  Figure 3.33 shows that only when employing RF power equal to 200 
W a significant transmittance enhancement was obtained, which indicates that there is a 
certain RF power threshold from which surface nanostructuring process can take place.  
On the same machine, subsequent 10 min O2 plasma etching was also applied as 
cleaning process and increase of the transmittance was obtained as shown in Fig. 3.33. 
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Fig. 3.33.  Transmittance spectra and cross-section images of bare B270 
substrates and after CHF3 (40 min) and O2 (10 min) plasma etching using a 
different RIE machine and at two lower RF power conditions. 
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3.3. Maskless plasma etching on various glasses 
 
3.3.1. LIBA 2000 glass 
 
Optical properties 
 
LIBA 2000 glass is the same material as the SOE in the Ventana CPV system.  
Since the composition of LIBA 2000 is close to the one of B270, the developed 
maskless CHF3 plasma etching surface nanostructuration process had potential 
applicability on LIBA 2000 as well.  CHF3 plasma etching process was also tested 
during 40 min on LIBA 200 glass substrates provided by LPI.  Subsequent 10 min O2 
plasma etching and deionized water rinsing cleaning processes were also applied. 
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Fig. 3.34.  Transmittance spectra after CHF3 (40 min) and O2 (10 min) plasma 
etching, and deionized water rinsing processes on one side of LIBA 2000 glass. 
 
Figure 3.34 shows that on LIBA 2000 glass a transmittance enhancement 
comparable to the one obtained in B270 glass, shown in Fig 3.11, was obtained.  As in 
B270, subsequent 10 min O2 plasma etching and deionized water rinsing cleaning 
processes recovered the transmittance at short wavelengths and further increased it, 
respectively.   
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Surface morphology by AFM 
 
Figure 3.35 shows the surface morphology on bare LIBA 2000 and after 40 min 
CHF3 plasma etching.  The randomness and size of the top surface nanostructures 
obtained on LIBA 2000 after 40 min CHF3 plasma etching are comparable to the 
surface morphology obtained on B270 glass shown in Fig. 3.16. 
 
Bare After 40 min CHF3
0 (nm)  5.87 0 (nm)  153.97
 
Fig. 3.35.  AFM images of bare LIBA 2000 substrates (left) and after CHF3 (40 
min) and O2 (10 min) plasma etching processes (right).  The white bar represents 
1µm. 
 
The transmittance enhancement and the surface morphology obtained on LIBA 
2000 after 40 min CHF3 plasma etching supports the applicability of this process to 
glasses with similar composition to B270 glass. 
The applicability of the maskless CHF3 plasma etching surface nanostructuration 
process on LIBA 2000 shows that this process is also potentially applicable to the 
curved surface of LPI’s SOE or curved optical elements with compositions close to the 
composition of B270 glass. 
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3.3.2. Na2O-free B270 glass 
 
A customized glass composition, Na2O-free B270, was prepared and CHF3 plasma 
etching was applied during 40 and 80 min.  The XPS results showed strong Ca 2p, Ca 
2s, Auger Na KLL, and F 1s peaks on the surface of B270 glass after 40 min CHF3 
plasma etching.  Figure 3.19 showed that there were NaF crystals distributed on the 
surface and Fig. 3.23 showed that there was not any particular accumulation of Na in 
the nanostructures.   
There were two purposes to prepare the Na2O-free B270 sample.  The first one 
was to elucidate whether assistance of Na2O had any particular effect on the CaF mask 
formation or on the surface nanostructuring process.  Secondly, the Na2O-free B270 
sample would help understand better the transmittance enhancement obtained after 
deionized water cleaning, shown in Fig. 3.11 (blue), that was attributed to the 
dissolution of the NaF crystals observed on the surface.   
In the Na2O-free B270 sample NaF crystals are not expected to be formed, 
therefore no deionized water cleaning effect and maximum transmittance after the O2 
plasma etching cleaning process.   
 
 
Fig. 3.36.  Picture of the 200 g Na2O-free B270 sample just after fabrication 
and before cutting and polishing it for testing the role of CaO alone. 
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Figure 3.36 shows the 200 g Na2O-free B270 sample.  The absence of Na2O 
modified the melting temperature, which resulted in small bubbles in the sample.  
Na2O-free B270 substrates were cut from the region with low bubble density and they 
were polished below 1 mm to reduce the effect of the bubbles.  In addition, the 
transmittance was measured at the same point of the substrates before and after the 
plasma etching processes and deionized water cleaning step to limit the effect of the 
bubbles distribution on the optical measurements. 
 
Optical properties 
 
Broadband transmittance enhancement was obtained on Na2O-free B270 glass 
substrates after CHF3 and subsequent O2 plasma etching as shown is Fig. 3.37.  Figure 
3.37 also shows no significant transmittance profile modification after deionized water 
rinsing.   
These results supports that the origin of the transmittance enhancement after 
deionized water rinsing observed in Fig 3.11 (blue) was de dissolution of NaF crystals 
and that despite the decrease of the Ca 2p, Ca 2s peaks in the XPS spectra after 
deionized water rinsing, the plausible partial (Ca, F) self-generated mask removal from 
the tips of the nanostructures has no significant effect on the transmittance profile. 
 
400 500 600 700 800 900 1000
91
92
93
94
95
96
 
 
Tr
an
sm
itt
an
ce
 
(%
)
Wavelength (nm)
 B270 Na-free #1 bare
 After CHF3, O2
 After CHF3, O2, H2O
400 500 600 700 800 900 1000
91
92
93
94
95
96
 
 
Tr
an
sm
itt
an
ce
 
(%
)
Wavelength (nm)
 B270 Na-free #3 bare
 After CHF3, O2
 After CHF3, O2, H2O
40 min CHF3 80 min CHF3
 
Fig. 3.37.  Transmittance spectra after CHF3 (40-80 min) and O2 (10 min) plasma 
etching, and deionized water rinsing processes on one side of Na2O-free B70 
substrates. 
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Surface morphology by AFM 
 
The transmittance enhancement obtained after 40 min is comparable to the one 
obtained in B270 glass shown in Fig. 3.11, but even after the O2 plasma etching process 
the transmittance enhancement is still low at short wavelengths after 80 min treatment.  
This decrease could be explained by the larger structures observed on Fig. 3.38 (right).  
Figure 3.38 also shows that after 40 min CHF3 plasma etching treatment the 
morphology is comparable to the one obtained in B270, which indicates that after 
sustained CHF3 plasma etching there is a structure size increase that was not observed 
in B270. 
 
Bare After 40 min CHF3 After 80 min CHF3
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Fig. 3.38.  AFM images of bare Na2O-free B70 substrates (left), after CHF3 (40 
min) and O2 (10 min) (middle), and after CHF3 (80 min) and O2 (10 min) (right) 
plasma etching processes.  The white bar represents 1µm. 
 
In conclusion, broadband transmittance enhancement was also obtained on 
Na2O-free B270 glass, which means that CaO alone contained in the glass, under CHF3 
plasma etching forms the (Ca, F) self-generated mask and allows the fabrication of high 
aspect ratio nanostructures.  On treated Na2O-free B270 substrates, the absence of 
transmittance profile modification after deionized water rinsing confirmed that the 
transmittance gain observed in B270 resulted from the dissolution of NaF crystals and 
that dissolution of (Ca, F) does not affect the transmittance.  Finally, the absence of 
Na2O may accelerate or modify the fabrication over 40 min CHF3 plasma etching where 
larger structures appeared. 
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3.3.3. Quartz 
 
Surface morphology by AFM 
 
To evaluate the CHF3 plasma etching process on high purity bulk SiO2 samples, 
quartz substrates were also tested.  Fig. 3.39 shows that the surface of quartz was not 
textured after the CHF3 plasma etching process, only very small sparsely dots appeared. 
Bare After 40 min CHF3
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Fig. 3.39.  AFM images of bare quartz substrates (left) and after CHF3 (40 min) 
and O2 (10 min) plasma etching processes (right).  The white bar represents 1µm. 
 
Surface composition by XPS 
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Fig. 3.40.  XPS spectra carried out on quartz substrates before and after the CHF3 
(40 min) and O2 (10 min) plasma etching processes. 
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Figure 3.40 shows the XPS results on quartz before and after CHF3 and O2 plasma 
etching plasma etching processes.  In bare quartz substrates, the Si 2p (103.5 eV), Si 2s 
(155 eV), and O 1s (533 eV) peaks were clearly observed.  Also, a contamination 
related C 1s (287 eV) peak was observed.  After CHF3 and O2 plasma etching 
processes, Si 2p, Si 2s, and O 1s peaks are reduced, but remained dominant.  On 
treated quartz, the observed small Ca 2p, Ca 2s, Auger Na KLL, and F 1s peaks may 
correspond to the small dots observed in Fig. 3.39 that arised from Ca and Na impurities 
on the quartz substrates or from volatized species from neighbor samples. 
 
3.3.4. Soda Lime glass 
 
Optical properties 
 
According to the MSDS data shown in Table 1, the main difference between 
soda-lime and B270 compositions is the MgO content, which is absent in B270.  
Typical soda-lime glasses used for windows contain over 5% of MgO, which reduces 
the melting point and reduces the fabrication costs.   
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Fig. 3.41.  Transmittance spectra after CHF3 (40 min) and O2 (10 min) plasma 
etching on one side of soda lime glass. 
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After applying CHF3 and O2 plasma etching processes on soda-lime glass, Fig. 
3.41 shows that the transmittance enhancement in textured soda-lime was lower than in 
textured B270.  Since the sole composition difference between B270 and soda-lime is 
the MgO content, this result means that MgO content and its (Mg, F) self-generated 
mask under CHF3 plasma etching had a negative effect on the surface nanostructuration 
process.  More analysis of the self-generated masks is introduced in section 3.4. 
 
Surface morphology by AFM and SEM 
 
The subwavelength nature of the structures formed in soda-lime that originated the 
small antireflection effect is shown in Fig. 3.42, which appears to be like high density 
aggregation of small dots.  From the AFM image and the low transmittance 
enhancement, the formation of high aspect ratio nanostructures on treated soda-lime, 
seems unlikely.  
Figure 3.43 shows an SEM image of the surface of soda-lime after 40 min CHF3 
plasma etching where NaF crystals and untextured areas can be observed. 
 
Bare After 40 min CHF3
0 (nm)  2.71 0 (nm)  49.35
 
 
Fig. 3.42.  AFM images of bare Soda Lime substrates (left) and after CHF3 (40 
min) and O2 (10 min) plasma etching processes (right).  The white bar represents 
1µm. 
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Fig. 3.43.  SEM image of the surface of Soda Lime after 40 min CHF3 plasma 
etching. 
 
Surface composition by XPS 
 
Figure 3.44 shows the XPS results on soda-lime substrate before and after CHF3 
and O2 plasma etching plasma etching processes.  In agreement with the MSDS data 
summarized in Table1, on bare soda-lime, small Auger Mg KLL (301 eV, 347 eV, 381 
eV), Ca 2p, Ca 2s, and Auger Na KLL peaks were observed.  After CHF3 and O2 
plasma etching processes, Auger Mg KLL, Ca 2p, Ca 2s, Auger Na KLL, and F 1s 
peaks became dominant, but Si 2p, Si 2s, and O 1s peaks were still visible.   
SEM-EDX surface analysis on soda-lime, determined that the crystals on the 
surface were NaF as in B270 and that on the soda-lime treated surface the untextured 
areas had similar composition compared to the bulk, which explains the presence of 
these peaks after the plasma etching processes.  The diameter of the XPS beam is 
approximately 500 µm; therefore the untextured areas in soda-lime are unavoidably 
included in the measurements.  In B270 glass, the Ca 2p, Ca 2s, Auger Na KLL, and F 
1s peaks were observed after CHF3 and O2 plasma etching processes, but in soda-lime 
in addition to those peaks, the Auger Mg KLL peaks are also observed, which means 
that, in some form, the surface composition of treated soda-lime also contains the 
self-generated (Mg, F) mask. 
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Fig. 3.44.  XPS spectra carried out on Soda Lime substrates before and after the 
CHF3 (40 min) and O2 (10 min) plasma etching processes. 
 
3.3.5. D263 glass 
 
D263 (Schott AG) glass is a type of borosilicate glass.  According to the MSDS 
data shown in Table 1, the main difference between D263 and B270 compositions is the 
absence of CaO content in D263, which is present B270.  B270 glass contains CaO 
and Na2O.  Section 3.3.2 described the effect of the absence of Na2O in B270 that was 
studied by the preparation of a Na2O-free B270 glass sample.   
Detailed composition of D263 showed very low MgO content, but it is not shown 
here due to intellectual property reasons. 
Within some approximation, D263 glass represents the CaO-free B270 glass 
composition, which allows to study the effect of the absence of CaO in B270 and also 
the behavior of the (Na, F) self-generated mask alone. 
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Optical properties 
 
Figure 3.45 shows the transmittance and the diffuse reflectance measured on D263 
textured surfaces, which is consistent with the one reported using CF4 plasma etching in 
[50].  After applying CHF3 and O2 plasma etching processes on D263 glass, the 
transmittance decreased owing to the light scattering that resulted from large structures 
on the treated surface shown in Fig. 3.46.  In fact, textured D263 substrates showed 
white surface after the CHF3 process.  In the case of treaded D263 glass, the O2 plasma 
etching process appears to be wavelength dependent, though no significant 
morphological change was observed before and after O2 plasma etching. 
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Fig. 3.45.  Transmittance and diffuse reflectance spectra after CHF3 (40 min) and 
O2 (10 min) plasma etching on one side of D263 glass. 
 
Surface morphology by AFM and SEM 
 
Figure 3.47 shows an enlarged SEM image of the large size structures on the treated 
D263 surface after 40 min CHF3 plasma etching that originated the scattering effect.  It 
has been reported that the scattering properties can be tuned by adjusting the plasma 
etching parameters or the assistance mask characteristics to achieve desired scattering 
properties that can be applied to improve solar cells, OLEDs, or other applications [44, 
49]. 
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Bare After 40 min CHF3
0 (nm)  2.25 0 (nm)  899.08
 
 
Fig. 3.46.  AFM images of bare D263 substrates (left) and after CHF3 (40 min) 
and O2 (10 min) plasma etching processes (right).  The white bar represents 1µm. 
 
1 µm
 
 
Fig. 3.47.  SEM image of the surface of D263 after 40 min CHF3 plasma etching. 
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Surface composition by XPS 
 
Figure 3.48 shows the XPS results on D263 glass before and after CHF3 and O2 
plasma etching processes.  In agreement with the MSDS data summarized in Table 1, 
on bare D263, small Auger Na KLL peaks were observed.  After CHF3 and O2 plasma 
etching processes, Auger Na KLL, and F 1s peaks became dominant indicating that the 
surface is mostly covered by the self-generated (Na, F) mask.  On B270 and soda-lime, 
the Auger Na KLL peaks corresponded to NaF crystals, but NaF crystals were not 
observed on the surface of treated D263 as shown in Fig. 3.47.  D263 samples were 
also immersed in ultrasonic bath of deionized water, but the transparency was not 
recovered, which indicates the large structures shown in Fig. 3.47 are not made of (Na, 
F), but that the (Na, F) self-generated mask induced their fabrication and (Na, F) 
remained on their surface.  Scattering surface on D263 has also been reported using 
CF4 maskless plasma etching [49]. More analysis of the self-generated masks is 
introduced in section 3.4.  Compared to the XPS spectra obtained on soda-lime after 
CHF3 and O2 plasma etching processes, on the surface of treated D263 there is no 
strong (Mg, F) content, which supports the low MgO content in D263.   
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Fig. 3.48.  XPS spectra carried out on D263 substrates before and after the CHF3 
(40 min) and O2 (10 min) plasma etching processes. 
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3.3.6. Qioptiq space cover glasses 
 
The CHF3 maskless plasma etching surface nanostructuring process was also tested 
on the three types cover glasses(CMG, CMX, and CMO), provided by Qioptiq that used 
to protect the solar cells in space.  Due to intellectual property reasons, the detailed 
composition the three cover glasses employed to protect the solar cells in space is not 
disclosed.  Although, it is known that in order to protect the solar cells in space the 
cover glasses are doped with a certain amount of CeO2 because it stands strong UV, 
electron, and proton irradiation condition in common in space. 
 
Optical properties 
 
The transmittance enhancement on CMG, CMX, and CMO after applying CHF3 
during 40 min and subsequent 10 min O2 plasma etching and deionized water cleaning 
processes are shown in Fig. 3.49, Fig. 3.50, and Fig. 3.51, respectively.  Also, the 
transmittance spectra of the bare glasses and their transmittance spectra when coated 
with typical AR coating are also shown in Fig. 3.49, Fig. 3.50, and Fig. 3.51. 
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Fig. 3.49.  Transmittance spectra of bare CMG substrate, CMG substrates using 
typical AR coating, and after CHF3 (40 min), O2 (10 min) plasma etching, and 
deionized water rinsing processes on one side. 
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Fig. 3.50.  Transmittance spectra of bare CMX substrate, CMX substrates using 
typical AR coating, and after CHF3 (40 min), O2 (10 min) plasma etching, and 
deionized water rinsing processes on one side. 
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Fig. 3.51.  Transmittance spectra of bare CMO substrate, CMO substrates using 
typical AR coating, and after CHF3 (40 min), O2 (10 min) plasma etching, and 
deionized water rinsing processes on one side. 
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The transmittance enhancement obtained by applying the developed CHF3 
maskless plasma etching surface nanostructuring process outperformed the performance 
of typical AR coatings on the three space cover glasses as shown in Fig. 3.49, Fig. 3.50, 
and Fig. 3.51.  In particular very broadband transmittance enhancement was obtained 
on CMG. 
 
Surface morphology by AFM and SEM 
 
The subwavelength nature of the structures that originated the antireflection effect 
on CMG, CMX, and CMO after 40 min CHF3 plasma etching is shown in Fig. 3.52, Fig. 
3.53, and Fig. 3.54, respectively.  The bare surfaces on the three types of space cover 
glasses appear flat, but covered by high density nano-dots.  This surface finishing is 
the one obtained after fabrication without further polishing.  The size of the 
nanostructures formed on the surface of the three space cover glasses is smaller than the 
one of the obtained in B270 glass after 40 min CHF3 plasma etching.  Also, the 
formation of some aggregates, especially on the treated surface of CMX and CMO, is 
shown in Fig. 3.52, Fig. 3.53, and Fig. 3.54, respectively. 
 
Bare After 40 min CHF3
0 (nm)  2.67 0 (nm)  103.85
 
 
Fig. 3.52.  AFM images of bare CMG substrates (left) and after CHF3 (40 min), 
O2 (10 min) plasma etching and deionized water rinsing processes (right).  The 
white bar represents 1µm. 
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Bare After 40 min CHF3
0 (nm)  3.85 0 (nm)  112.66
 
 
Fig. 3.53.  AFM images of bare CMX substrates (left) and after CHF3 (40 min), 
O2 (10 min) plasma etching and deionized water rinsing processes (right).  The 
white bar represents 1µm. 
 
Bare After 40 min CHF3
0 (nm)  3.57 0 (nm)  96.83
 
 
Fig. 3.54.  AFM images of bare CMO substrates (left) and after CHF3 (40 min), 
O2 (10 min) plasma etching and deionized water rinsing processes (right).  The 
white bar represents 1µm. 
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Surface composition by XPS 
 
On CMG, CMX, and CMO space cover glasses, the XPS spectra was measured on 
the bare surface and after CHF3 and O2 plasma etching and deionized water rinsing 
processes.  On the bare surfaces, the Si 2p (103.5 eV), Si 2s (155 eV), and O 1s (533 
eV) peaks were clearly observed as shown in Fig. 3.55, Fig. 3.56, and Fig. 3.57.  Due 
to intellectual property reasons, the detailed composition is not disclosed, but CMG 
contains Na2O, but does not contain CaO or MgO.  CMX contains Na2O, CaO, and 
MgO.  CMO does not contain Na2O, CaO, or MgO.  Finally, the three of them 
contain CeO2.  After CHF3 and O2 plasma etching and deionized water rinsing 
processes, in agreement with the details on the composition, small peaks of each 
element are observed on the XPS spectra of each type of space cover glasses.  Also, on 
the treated surfaces of the three space cover glasses small F 1s (688 eV), Auger F KLL 
(832 eV), Ce 3d5/2 (884 eV) and Ce 3d3/2 (902 eV) peaks are shown in the XPS spectra.  
In addition to these peaks, particularly in CMO, Ba 4d (91 eV), Ba 3d5/2 (781 eV), and 
Ba 3d3/2 (796 eV) peaks were observed.  On B270, after rinsing the Ca, Na, and F 
peaks decreased.  The results on space cover glasses show that mainly (Ce, F), but also 
(Ba, F) self-generated masks are still present on the nanostructured surfaces after 
deionized water rinsing, indicating that the (Ce, F) and (Ba, F) self-generated masks 
originated the nanostructured surface.  The surface nanostructuration by (Ce, F) and 
(Ba, F) self-generated masks is in particular confirmed in CMG and CMO because they 
do not contain CaO. 
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Fig. 3.55.  XPS spectra carried out on bare CMG substrates and after CHF3 (40 
min), O2 (10 min) plasma etching, and deionized water rinsing processes. 
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Fig. 3.56.  XPS spectra carried out on bare CMX substrates and after CHF3 (40 
min), O2 (10 min) plasma etching, and deionized water rinsing processes. 
 
0 100 200 300 400 500 600 700 800 900 1000
 
 
In
te
n
si
ty
 
(A
rb
.
 
u
n
it)
Binding energy (eV)
 CMO bare
 After CHF3, O2, H2O
Si 2p
Si 2s
C 1s
Ca 2p Ca 2s
Na KLL
Na KLL
Na KLL
O 1s
Mg KLL
Mg KLL
Mg KLL
F 1s
F KLL
Ba 3d3/2
Ba 3d5/2
Ce 3d3/2
Ce 3d5/2
Ba 4d
 
Fig. 3.57.  XPS spectra carried out on bare CMO substrates and after CHF3 (40 
min), O2 (10 min) plasma etching, and deionized water rinsing processes. 
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3.4. Self-generated masks under maskless plasma etching 
 
The bare surface of all the glasses that were studied had high surface flatness and it 
was comparable for all samples.  However, some of the obtained surface morphologies 
were considerably different after undergoing the same 40 min CHF3 plasma etching 
process.  The difference between each glass is its composition and it was shown that 
there is a strong relation between the glass composition and the obtained surface 
morphology.  Only in the case of quartz there was no surface nanostructuration owing 
to its high SiO2 purity.  Also in quartz there was not significant surface composition 
modification after the plasma etching processes.   
On all tested glasses it was shown that the surface nano-microstructuration was 
accompanied by the surface composition modification evidenced by the decrease of Si 
and O.  The other elements were in the original glasses as oxides, but always found 
together with F indicating the fluoride formation.  It is plausible that the sustained 
CHF3 plasma etching resulted in the fluoride compound formation on the surface of the 
nano-microstructures. 
The boiling point is one of the characteristics that determine the volatility of 
reaction products during plasma etching [59].  For example, SiF4 and BF3 are highly 
volatile species [60] with low boiling points -86°C, and -100.3°C, respectively.  For 
this reason, Si peaks in the XPS measurements decreased after plasma etching and B 
peaks were barely observed. 
Thin metallic layers are used as assistance mask to obtain scattering surface.  CuF 
is generated as a reactive product when thin Cu films are exposed to CF4 plasma etching.  
Despite its high boiling point of 1100°C, this mask is removed after several minutes of 
plasma etching [51, 52].  After CHF3 plasma etching, strong fluoride species with high 
boiling points could be formed as follows, CaF2 2553°C, CeF3 2300°C, BaF2 2260°C, 
MgF2 2260°C, and NaF 1704°C.  All these fluorides have higher boiling points than 
CuF.  The lattice energies of the fluoride species that could be formed by the 
interaction of the oxides in the glass and the CHF3 plasma etching are as follows: CeF3 
4915 kJmol-1, MgF2 2913 kJmol-1, CaF2 2609 kJmol-1, BaF2 2341 kJmol-1, and NaF 910 
kJmol-1 [61, 62].  Their ionic radius is as follows Ba2+ 1.35 Å, Ce3+ 1.15 Å, Ca2+ 1.00 
Å, Na1+ 0.99 Å, and Mg2+ 0.57 Å [63]. 
Based on the characteristic of the reactive products and the optical, morphological, 
and surface composition measurements, a possible explanation of the role of the glass 
composition is proposed as follows.   
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Depending on the specific oxides contained in each type of glass, after sustained 
CHF3 plasma etching, different surface morphologies can be obtained.  In the 
fabrication process, F- from the CHF3 plasma combines with the ionic species present in 
each type of glass i.e. Si4+, B3+, O2+, Ca2+, Ce3+, Ba2+, Mg2+, and Na+.  Through their 
combination, owing to their low boiling point, some species are evaporated resulting in 
selective removal such as SiF4, BF3, and, OF2.  Other species self-generate masks 
(CaF2, CeF3, BaF2, MgF2, and NaF) that are formed and deposited on the surface. 
The high temperature induced by ion bombardment could activate surface diffusion 
of the ions and assist their migration to form the self-generated fluoride masks, as has 
been reported in Ga atoms that migrate and form aggregates on the surface of GaN films 
under Ar an N2 plasma etching [64].  The temperature assisted surface diffusion of the 
ions could also explain the formation of the NaF crystals on the surface of B270 and 
soda-lime glasses, where gradual Na+ ions migration resulted in NaF crystals growth on 
these treated surfaces.  The absence of NaF crystals on the surface of D263 glass 
suggests that depending on the combination of ionic species migrating on the surface, 
different crystal or amorphous structures can be obtained.  In the presence of Ca2+ or 
Ca2+ and Mg2+ species, NaF crystals where obtained, but in their absence (Na, F) 
self-generated mask was formed in amorphous phase.  Also, this amorphous phase is at 
the origin of the large scattering surfaces observed on the surface of treated D263. 
The combination of ionic species dependence, could also explain the reason why in 
the presence of Mg2+ ions, the formation of high aspect ratio nanostructures by the 
self-generated CaO mask was inhibited in soda-lime glass. 
Under sustained CHF3 plasma etching, the self-generated masks undergo 
continuous physical and chemical etching.  Since the self-generated masks are 
fluorides, the chemical etching is low or absent.  Therefore, they are mainly subjected 
to physical etching, which decompose them in different proportions depending on their 
volatility, which depends on their boiling point [59].  Also, the lattice energy is a key 
parameter because the etching rate decreases for high lattice energy materials [65, 66]. 
In terms of boiling point and lattice energy, among the self-generated masks, (Na, 
F) is the weakest one, which means that it is the mask with the highest possibility to be 
decomposed under sustained physical etching.  Re-self-generation of the (Na, F) mask 
is plausible because ions from the decomposed mask may remain on the surface and the 
glass itself contains Na2O that can provide more ions to re-self-generate the (Na, F) 
mask.  Sustained CHF3 plasma etching on D263 glass surface and the repetitive 
decomposition and re-self-generation processes of (Na, F) mask may explain the 
fabrication process to obtain the large scattering structures shown in Fig. 3. 47.   
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Re-self-generation of the (Ca, F) mask was introduced in section 3.2.7 where it 
was admitted that in order to 1) the etching depth to increase with CHF3 plasma etching 
time, 2) the pillar aspect ratio to increase with CHF3 plasma etching time, and 3) the (Ca, 
F) self-generated mask to be only accumulated at the tip of the nanostructures, (Ca, F) 
had to be decomposed and re-self-generated under sustained CHF3 plasma etching while 
the aspect ratio of the pillars increased. 
The same principle of repetitive decomposition and re-self-generation processes 
occur to the (Ca, F) and (Na, F) self-generated masks under sustained CHF3 plasma 
etching, but, very different morphologies and antireflection and scattering effects were 
obtained, indicating that the nature of the mask itself determines the morphologies and 
therefore the corresponding optical properties obtained.  The ion sizes of Ca2+ and Na+ 
are about the same therefore, the lower boiling point and lower lattice energy of NaF 
compared to CaF2 could explain that higher etching ratio of (Na, F) results in the 
formation of a scattering surface made of large structures.  Other parameters of the 
plasma etching process could also influence the geometries obtained, but they are 
outside the scope of this study.   
In B270 and Na2O-free B270, broadband antireflection enhancement was obtained 
despite the fact that B270 contained both CaO and Na2O, but Na2O-free B270 only 
contained CaO.  This result suggests that perhaps when several self-generated mask 
coexist, the effect of the strongest one prevails.  The case of B270 and soda-lime is 
particularly interesting because in these two cases the presence of (Ca, F) and (Mg, F) 
resulted in the gradual growth of NaF crystals on the treated surfaces.  The specific 
case of soda-lime is of particular importance because only in this case despite the high 
boiling points and high lattices energies of CaF2 and MgF2, the transmittance 
enhancement was degraded by the inhibition of the fabrication of high aspect ratio 
nanostructures.  The small ionic radius of Mg2+ compared to the ionic radius of Ca2+ 
could explain this result because the ionic radius of Mg2+ is about half the ionic radius 
of Ca2+.  Through the repetitive decomposition and re-self-generation processes of the 
(Ca, F) and (Mg, F) self-generated masks, the migration of a significantly smaller Mg2+ 
ion may disrupt the fabrication of a strong mask that can sustain the physical etching to 
fabricate high aspect ratio nanostructures.  In addition uncovered areas where observed 
on the surface of soda-lime after the CHF3 and O2 plasma etching processes, which may 
indicate that the Mg2+ may have also affected the covering of the soda-lime surface 
making very difficult the fabrication of high aspect ratio nanostructures.  This result 
suggests that in addition to high boiling point and high lattice energy, ionic size larger 
than the one of Mg2+ is required to fabricate high aspect ratio nanostructures. 
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In particular, the very broadband transmittance enhancement obtained on CMG 
was extended up to 2.4 µm.  Graded refractive indexes achieve significant 
antireflection effect when the height of the nanostructures is 40% or higher compared to 
the wavelength [30, 31].   
From the transmittance enhancement in CMG and the 40% rule, it is possible to 
infer that the thickness of the nanostructured surface on CMG is about 1 µm.  This 
thickness is more than twice the thickness obtained after treating B270 glass during 40 
min with CHF3 plasma etching as shown in Fig. 3.29.  Figure 3.29 also showed that 
the sum of the pillar height and the etching depth at 40 min CHF3 plasma etching is 
close to 1 µm.  Very low etching depth and higher etching ratio in CMG could explain 
such high thickness after 40 min CHF3 plasma etching.  Figure 3.24 showed that in 
B270 after 80 min of sustained CHF3 plasma etching, the (Ca, F) self-generated created 
an etch-stop layer.  If the generation of an etch-stop layer happened much faster in the 
case of (Ce, F), the thick graded layer could be explained.  This hypothesis is plausible 
considering that CeF3 has the highest lattice energy among the self-generated masks and 
that Ce3+ ionic radius is larger than the Ca2+ ionic radius.  Finally, other details of the 
space cover glasses compositions and the (Ba, F) self-generated mask may have also 
played a key role on the transmittance enhancement, but absence of composition details, 
especially regarding BaO, on each glass impedes further analysis. 
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3.5. Optical properties simulations using FDTD and RCWA 
 
FullWAVE and DiffractMOD, and CAD are part of the Rsoft simulation package.  
The 3D structures were designed using the CAD interface; the Finite-difference 
time-domain (FDTD) simulations were performed using FullWAVE and the (Rigorous 
Coupled Wave Analysis) RCWA simulations using DiffractMOD.  FullWAVE 
calculates an electromagnetic field in the structure as a function of time and space in 
response to a given excitation.  FullWAVE is based on the FDTD method and on the 
Yee’s mesh [67].  The Yee mesh is made of Yee cells where the electromagnetic field is 
calculated.  In RCWA the structures are divided into several layers in the vertical 
direction; then the electromagnetic modes in each layer are calculated and they are 
analytically solved as they propagate through the layers [22]. 
 
3.5.1.  FDTD and RCWA shape dependence simulations 
 
Figure 3.58 shows the CAD images of the pillar and tapered 2D simulations 
structures that were simulated.  Their shape, size, and aspect ratio was based on the 
nanostructures observed on the SEM images shown in section 3.2.6.   
 
Pillar Tapered “80%”
 
Fig. 3.58.  Geometry of the Pillar and Tapered nanostructures simulated using 
FDTS and RCWA. 
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In FDTD simulations, a mesh size of 1 nm2 was employed.  As for RCWA, the 
structures were discretized in layers of 1 nm and 20 harmonics were used.  At first the 
FDTD and RCWA simulations were compared to compare the accuracy of both 
simulation methods. 
Periodic nanostructures of 100 nm in size, separated by 10 nm and with a height 
from 100 to 500 nm were simulated.  The refractive index available in the B270 
MSDS data was employed.   
The size of the tips of the tapered structures was 80% the size of the base i.e. 80 
nm.  Finally, in order to further approximate the morphologies observed in the SEM 
images, the tips of the nanostructures was rounded by placing a circle with the same 
diameter as the tip size.  This circle increased 50 and 40 nm the height of the pillar and 
tapered nanostructures, respectively.   
Very good agreement between the FDTD and RCWA simulation results is shown in 
Fig. 3.59.  Since the FDTD calculations are more time consuming the wavelength step 
was 10 nm compared to 1 nm in the case of RCWA simulations.   
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Fig. 3.59.  FDTD and RCWA simulation results of Pillar and Tapered 
nanostructures with height from 100 to 500 nm. 
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The oscillations observed on the simulated transmittance spectra correspond to 
interferences originated by intermediate layers with effective refractive indexes and a 
non-perfect graded refractive index variation [27, 37].   
Figure 3.59 shows that there is a significant increase in the transmittance for the 
tapered shape compared to pillar shape, but this increase is lower than the broadband 
transmittance enhancement shown in Fig. 3.27.  Also, the cross section of the 
nanostructures that achieved it shown in Fig. 3.28 resembles more to the pillar shape. 
 
3.5.2. Graded refractive index simulations 
 
After CHF3 plasma etching process, a graded SiO2 density in the pillars was shown 
in Fig. 3.23.  In order to emulate such graded density composition, pillar and tapered 
shapes with graded refractive index where simulated using RCWA as shown in Fig. 3.60.  
Using 100 layers, the refractive index was variated from 1.2 at the tips up to 1.5 at the 
bottom of the nanostructures for the whole spectral region. 
 
100 layers n from 1.2 to 1.5
 
 
Fig. 3.60.  Graded refractive index profile from 1.2 to 1.5 using 100 layers. 
 
Figure 3.61 shows that with graded refractive index composition, even the pillar shape 
can achieve a similar transmittance enhancement compared to the one observed in Fig. 
3.11.   
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Figure 3.61 also shows that for a graded refractive index composition, the effect of 
the pillar or tapered shape is much smaller than the shape dependence shown in Fig. 
3.59.  This simulated result is also in agreement with the similar transmittance 
enhancement observed for pillar and tapered shapes obtained after 40 min CHF3 plasma 
etching shown in Fig. 3.31.  On the pillars with graded refractive index composition, 
the amplitude of the interferences was reduced owing to a more gradual refractive index 
compared to the structures with constant refractive index. 
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Fig. 3.61.  RCWA simulation results of Pillar and Tapered nanostructures with 
constant and graded refractive index and height from 100 to 500 nm. 
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3.5.3. Comparison between experimental and simulation results 
 
The measured transmittance spectra obtained on structures fabricated after 20 and 
40 min CHF3 plasma etching was compared to simulations adjusting the height of the 
tapered shapes to 100 and 450 nm, respectively.  Figure 3.62 shows that despite the 
approximations, somehow comparable results can be obtained.  The experimental 
results do not show interferences owing to the randomness of the fabricated 
nanostructures.  On the bare surface, especially at short wavelengths, there is about 1% 
difference between the simulated and experimental results.  With more accurate 
refractive index data on B270 and better graded refractive index approximation, 
improved match between the simulated and experimental results is expected.  
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Fig. 3.62.  Comparison between experimental and RCWA simulation results of 
Tapered nanostructures with 100 and 450 nm in height. 
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3.6. Controllable wettability of nanostructured B270 glass 
surface 
 
The high aspect ration nanostructures on the surfaces of fused silica and quartz 
show hydrophilic behavior as-fabricated, but after molecular functionalization by vapor 
deposition of 1H, 1H, 2H, 2H-Perfluorodecyltrichlorosilane (FDTS) superhydrophobic 
surface wettability can be achieved as shown in Fig. 3.63 and Fig 3.64, respectively.  
Superhydrophobic surface can have self-cleaning or anti-fog properties [29, 35]. 
 
 
Fig. 3.63.  Top (left) and oblique (right) images of water droplets on 
nanostructured fused silica with as-fabricated hydrophilic and functionalized 
hydrophobic wettability properties.  Figure is from Ref. [29]. 
 
 
Fig. 3.64.  Contact angle measurements of the structured quartz surface. 
Prepared using (a) on nanostructures on quartz fabricated using PMMA with 
different thicknesses and plasma etching.  Figure is from Ref. [35]. 
 
Fused silica and quartz are both examples of pure SiO2 materials, which is 
advantageous when functionalizing with self-assembled molecular monolayers, such as 
FDTS.  In the case of B270, it is not pure SiO2 and in particular the composition of the 
nanostructured surface as fabricated is quite complex as shown in Fig. 3.23, where 
especially CaF at the tips of the nanostructures was observed.   
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The deionized water contact angle was comparable on bare B270 glass and on the 
nanostructured surface obtained after 80 min CHF3 plasma etching and 10 min O2 
plasma etching.  (Ca, F) is soluble in H2SO4, therefore by carrying out the SPM 
process; the (Ca, F) can be totally removed, which was confirmed by the XPS spectra 
shown in Fig. 3.22.   
The SPM process in addition to removing (Ca, F), oxidizes the SiO2 surface 
creating hydroxyl endings, which in the case of bare glass, it makes it superhydrophilic 
as shown in Fig. 3.65.  The SPM process turned the nanostructured surface even more 
hydrophilic than the bare surface, confirming the (Ca, F) removal and oxidization of the 
SiO2 surface of the nanostructures.  An additional effect of the SPM process is that the 
hydroxyl surface is advantageous for the FDTS functionalization.  Vapor FDTS 
deposition was carried out on the bare and nanostructured surfaces under vacuum, at 
room temperature, and during 16 hours reaching a contact angle of 106.6° and 144.3° on 
bare and nanostructured surfaces, respectively.   
The standard of superhydrophobic contact angle is over 150°.  After longer or 
higher temperature vapor FDTS deposition over 150° deionized water contact angle 
could be possible on the B270 nanostructured surface. 
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Fig. 3.65.  Deionized water contact angle on bare and nanostructured B270 
substrates on three conditions: Reference, SPM, and SPM + FDTS. 
 
 81 
3.7. Previous researches on antireflection methods for flat 
PMMA surfaces 
 
PMMA is the main material to fabricate Fresnel lenses such as LPI’s FK primary 
[13].  In order to achieve high performance, antireflection at the Fresnel lenses 
interfaces are also required.  To reduce the reflectance on PMMA surface, several 
techniques have been developed such as co-polymer [68], sol-gel [69] and plasma 
etching [19-21].  Fresnel lenses have large size; for this reason a scalable and low-cost 
fabrication technique such as plasma etching was selected to apply antireflection 
structures on the front and back side of Fresnel lenses.   
In addition, scattering by these structures should be minimized to avoid reducing 
the optical efficiency of the system and the antireflection effect should be broadband 
because the multi junction solar cells placed below the homogenizers absorb most of the 
solar spectrum e.g. from 300 to 1900 nm in the case of GaInP (1.88 eV) / GaInAs (1.41 
eV) / Ge (0.67 eV) triple junction solar cell. 
 
 
Fig. 3.66.  SEM top and cross-section images of porous films achieved by 
copolymer films and removal of the PMMA domains having different weight 
percentages and achieving different effective refractive indexes.  White bar 
represents 200 nm and figure is from Ref. [68]. 
 
Figure 3.66 shows the porous structure with and effective refractive index that can 
be obtained by co-polymer process and Fig. 3.67 shows the transmittance enhancements 
than can be obtained by employing thin sputtered or sol gel antireflection layers. 
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Fig. 3.67.  Reflectance spectra of one-side antireflection treatment polycarbonate 
and PMMA using solgel, ion-assisted deposition, and sputtering.  Figure is from 
Ref. [69]. 
 
3.8. Maskless and TiO2-assisted plasma etching on PMMA 
substrates 
 
PMMA substrates and Fresnel lenses were textured by using a self-organized 
etching process (structure S1) [20] as well as a two-step process, whereas a 
self-organized etching mask is deposit before the etching process (structure S2) [19].  
The pre-coating and etching process was carried out in an APS 904 vacuum evaporation 
plant from Leybold Optics, equipped with the Advanced Plasma Source.  Argon and 
oxygen were used as plasma gases.  A thin film of TiO2 was deposit as masking 
material for S2.  Depending on the fabrication process, two types of antireflection 
structures were generated and applied on one-side and both-sides of PMMA substrates 
and Fresnel lenses. Typical SEM images of the achieved surfaces are shown in Fig. 3.69.  
Figure 3.69 also shows the potential transmittance enhancement achievable by of 
optimizing the fabrication of S1 and S2 nanostructures on PMMA. 
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Fig. 3.68.  Schema of the equipment used at Fraunhofer IOF to fabricate 
antireflection nanostructured surfaces on PMMA by maskless and TiO2 assisted 
plasma etching processes.  Figure is from Ref. [21]. 
 
 
Fig. 3.69.  SEM images of structure 1 and structure 2 on PMMA surface (left) and 
their transmittance and reflectance spectra (right).  Figure is from Ref. [19]. 
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Optical properties 
 
The transmittance spectra of bare and textured PMMA substrates were measured in 
the 400-1650 nm spectral region as shown in Fig. 3.70.  For the substrates with only 
one side textured, the transmittance was improved by about 2-3% for S1 and up to more 
than 3% for S2.  Both antireflection structures were applied on flat PMMA substrates 
and Fresnel lenses at the same time in order to analyze the effect in both, the flat and the 
textured sides of the Fresnel lenses. For reference they were noted front-side (side1), 
back-side (side2), and both-sides.   
Both structures increased the transmittance in the measured spectral region but 
they show different wavelength dependence.  The transmittance peaks of S1 are at 
lower wavelengths than those of S2.  This peak shift is related to the geometry and size 
of the nanostructures, particularly observed in sample S2-side1, in which the red-shift 
was largest and blue light scattering was observed.  Multiplying the increase of the 
transmittance for one-side samples using S1 and S2 was in good agreement with the 
measurement of the samples having both sides textured.  Therefore, the processing of 
the second side does not affect the textures of the first one. 
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Fig. 3.70.  Transmittance spectra of bare and on PMMA substrates treated with S1 
or S2 on one or both sides. 
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Figure 3.69 and Fig. 3.70 show that the transmittance enhancement obtained in the 
tested samples using S1 is considerably lower than the optimized condition.  As for S2, 
it is close to the optimized condition except that at short wavelengths the transmittance 
is slightly lower.  For better visualization of the transmittance enhancement, Fig. 3.71 
shows the transmittance ratio between the bare PMMA and each of the textured 
samples. 
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Fig. 3.71.  Transmittance ratio of bare and on PMMA substrates treated with S1 
or S2 on one or both sides. 
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Chapter 4 
 
4. Nanostructuring surfaces of the 
POE and SOE 
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4.1. Texturing the flat and corrugated surfaces of LPI’s 
PMMA POE 
 
The nanostructures on PMMA substrates were also applied on the front and back 
sides of the latest generation Fresnel lenses [13].  Transmittance improvement was 
measured on the textured Fresnel lenses.  Finally, field tests were carried out and 
enhancements of Jsc and efficiency were demonstrated. 
 
4.1.1. Optical properties 
 
LPI’s FK primary Fresnel lenses were used to evaluate the effect of the 
antireflection structures on PMMA.  LPI’s FK primary is a Fresnel lens with four-fold 
symmetry [13].  Each of the four sections measures 80 x 80 mm2.  A collimated beam 
of 5 mm in diameter was used to scan one line from the center of the concentric textures 
of one of the four sections to the edge, by steps of 2.5 mm.  Therefore, the scanned 
area was 5 x 80 mm2 as shown in Fig. 4.1.  The light was collected in an integrating 
sphere placed at the focal point of the Fresnel lenses.   
 
16 cm
Collimated beam 
∅ 5 mm 
Step: 2.5 mm 
 
 
Fig. 4.1.  Schema of the Fresnel lenses characterization in which a 5 mm 
collimated beam scanned a rectangular section on one of the 4-fold parts. 
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Figure 4.2 shows the transmittance spectra of the scanned areas for bare and 
textured Fresnel lenses.  The transmittance spectra on the Fresnel lenses appears to be 
position dependent.  Especially there is a dip between 20-30 mm and two peaks around 
10 and 40 mm.  In addition there is a decrease in the transmittance of short 
wavelengths compared to the flat substrates, which might correspond to scattering by 
the concentric structures of the Fresnel lenses.   
As shown in Fig. 4.2, there is an overall increase in the transmittance reaching up 
to 99%.  In most of the evaluated area the transmittance enhancement by applying S2 
on both sides of the Fresnel lens followed a similar trend as the one shown in Fig. 3.71, 
reaching transmittance enhancements larger than 6%. 
 
S2 both sides
Bare S2 back side
S1 both sides
Scanned area: 5 x 80 mm2, Collimated beam ∅ 5 mm, Step: 2.5 mm 
 
 
 
Fig. 4.2.  Transmittance spectra of a 5 x 80 mm2 section of bare Fresnel lens and 
the ones having structure S1 on one side, and S2 on one and both sides. 
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4.1.2. Field tests 
 
Field tests were carried out in Madrid at LPI-CeDint facilities.  The same 
secondary optical element and Spectrolab C3MJ Concentrator Cell Assembly (CCA) 
were used to characterize the bare and each of the textured Fresnel lenses as shown in 
Fig. 4.3.  The Current-Voltage curve was measured for each sample and the 
efficiencies were calculated. 
 
Bare Treated
PMMA Fresnel lens
Same SOE and
Spectrolab C3MJ+
solar cell were used
 
 
 
Fig. 4.3.  Image of LPI’s Ventana CPV system depicting the characterization of S1 
and S2 nanostructuring methods applied on one and both sides of the PMMA 
Fresnel lenses. 
 
Figure 4.4 shows the Current-Voltage curves obtained for the bare Fresnel lens and 
the one having S2 on both sides.  Figure 4.4 shows a 6.56% Jsc relative gain by using 
S2 on both sides compared to the bare one, Voc remained unchanged and there was a 
decrease in the Fill Factor (FF).  These characteristics resulted in a 3.82% efficiency 
relative gain.  Jsc was normalized at DNI 900 W/m2 and the efficiency at 25°C. 
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Fig. 4.4.  Field tests Current-Voltage curves obtained using a bare Fresnel lens 
(blue), and the one having S2 on both sides (red). 
 
Figure 4.5 summarizes the Jsc and efficiency relative gains obtained using each of 
the Fresnel lenses having S1 or S2 on the front side, back side, or both sides.  In almost 
all the cases, the Jsc relative gains were larger than the efficiency ones.  This resulted 
from the lower FF obtained using the treated samples.  Further evaluation of the FF 
degradation is presented in section 4.5. 
Figure 4.5 shows that the front side texturing had a larger improvement than the 
back side.  Figure 3.71 showed the various transmittance enhancements on the tested 
one side PMMA substrates.  Also, the effect of the tilted surfaces may have affected 
the optimum fabrication of the nanostructures compared to the flat surface.   In all 
conditions a better improvement was obtained using S2 and the largest relative gains 
were obtained when applying S2 on both sides.  In our tests, S2 appeared better than 
S1 in agreement with the transmittance spectra measured on the treated PMMA 
substrates as shown in Fig. 3.71.  The performance of S1 and S2 could be optimized 
with further tests as shown in Fig. 3.69. 
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Fig. 4.5.  Jsc and efficiency relative gains obtained on Fresnel lenses with S1 and 
S2 on one or both sides. 
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4.2. Texturing the curved surface of LPI’s glass SOE 
 
4.2.1. LPI’s curved secondary optical element 
 
LPI’s secondary optical element (SOE) is made of LIBA 2000 glass and it has a 
curved surface.  At the bottom of the SOE, there is a cavity that is filled with PDMS 
where the Spectrolab C3MJ CCA is bonded as shown in Fig. 4.6.  In order to reduce 
the reflectance at the Air/SOE interface and enhance the CPV module efficiency, the 
CHF3 maskless plasma etching surface nanostructuration process was applied directly 
on the SOE inside the Anelva DEA 507L RIE chamber.  Since the process was 
successfully applied on the surface of LIBA 2000 substrates, there was potential 
applicability on the curved surface and thicker sample. 
  
Spectrolab C3MJ+ 
cells encapsulated below
The treated SOEs
 
Fig. 4.6.  Image of the textured SOEs with Spectrolab C3MJ+ solar cells 
encapsulated below them before field tests. 
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4.2.2. Field tests 
 
The same primary optical element was used to characterize the bare and each of the 
textured SOEs as shown in Fig. 4.7.  The Current-Voltage curve was measured for 
each sample and the efficiencies were calculated. 
 
Bare
Treated
Same PMMA 
POE was used 
Glass SOE
 
Fig. 4.7.  Image of LPI’s Ventana CPV system depicting the characterization of 
the nanostructuring process on the SOEs. 
 
Figure 4.8 summarizes the Jsc and efficiency relative gains obtained using two 
different SOEs at different RF power.  SOE1 was treated using the maximum RF 
power, whereas SOE2 was treated using the typical 800 W RF power.  Both SOEs 
were measured twice at different times on the same date.  Figure 4.8 shows that SOE2 
achieved maximum 3.78% and 2.75% Jsc and efficiency relative gains, respectively.   
The remarkable 3.78% maximum Jsc relative gain confirms the successful 
fabrication of nanostructures on the curved surface of LPI’s SOE and can be understood 
by the broadband transmittance enhancement observed on B270 and LIBA 2000 glasses.  
The Jsc and efficiency relative gains were larger on SOE2 than in SOE1 and in all the 
cases, the Jsc relative gains were larger than the efficiency ones.  This larger Jsc gains 
resulted from the lower FF obtained on the treated samples.  Further evaluation of the 
FF degradation is presented in section 4.5.   
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Fig. 4.8.  Jsc and efficiency relative gains measured at two different times on SOEs 
treated during 80 min with CHF3 plasma etching using RF power 1000W (SOE1) 
and 800W (SOE2). 
 
 96 
4.3. CPV module with all textured interfaces 
 
4.3.1. Field tests 
 
An all textured interfaces CPV module was assembled using the Fresnel lens with S2 on 
both sides and the best treated homogenizer and its performance was compared to an all 
bare interfaces CPV module.  In Madrid, on October 7th 2013, the Current-Voltage 
curve was measured from 11:38 to 12:45 every 5-10 min both modules and the Jsc and 
efficiency relative gains were calculated as shown in Fig. 4.9.  The 10 measurements 
averaged Jsc and efficiency relative gains obtained on the all textured interfaces CPV 
module were 7.47% and 4.58%, respectively.  The maximum Jsc and efficiency relative 
gains were 7.99% and 5.06%, respectively.  The FF was also degraded on the all 
textured interfaces module as it happened for the textured individual optical elements, 
but still reproducible module relative efficiency enhancement of about 5% was achieved.  
Further evaluation of the FF degradation is presented in section 4.5. 
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Fig. 4.9.  Jsc and efficiency relative gains measured every 5-10 min from 11:38 to 
12:45 on October 7th in Madrid, Spain using Fresnel lens with S2 on both sides and 
SOE2. 
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4.4. Hydrophobic coating 
 
4.4.1. PMMA substrates 
 
As an alternative solution to solve the dew accumulation on the back-side of the 
POE that occurs in CPV systems after rainy days [24, 25], the applicability of a 
hydrophobic coating was studied.  As part of the collaboration with the Fraunhofer IOF, 
a hydrophobic coating was applied on the back-side of a Fresnel lens after fabricating 
S2 on the same back-side i.e. the hydrophobic coating was applied after the surface 
nanostructuration increasing the deionized water contact angle as shown in Fig. 4.10.  
In this manner both effects, antireflection and less dew condensation, could be achieved. 
Bare
S2
S2 + Hydrophobic 
coating
 
Fig. 4.10.  Oblique images of water droplets on bare (top), S2 (middle), and 
hydrophobic functionalized S2 (bottom) PMMA surfaces. 
 
Optical properties on PMMA substrates 
 
The transmittance spectra of bare, S2, and S2 + hydrophobic coating PMMA 
substrates were measured in the 400-1650 nm spectral region as shown in Fig. 4.11.  
For better visualization of the transmittance enhancement, Fig. 4.12 shows the 
transmittance ratio between the bare PMMA and both treated PMMA substrates.   
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Figure 4.12 also shows that S2 was successfully fabricated on both PMMA 
substrates, but the hydrophobic coating caused a slight decrease of the transmittance at 
short wavelengths, which could be the result of hydrophobic coating absorption or 
modification of the effective refractive index of the nanostructured surface.  To clarify 
the origin of this transmittance decrease more detailed evaluation is needed. 
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Fig. 4.11.  Transmittance spectra on bare, S2, and hydrophobic functionalized S2 
on PMMA substrates. 
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Fig. 4.12.  Transmittance ratio of bare, S2, and hydrophobic functionalized S2 on 
PMMA substrates. 
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4.4.2. Primary optical element of UT CPV system 
 
Optical properties on Fresnel lenses 
 
To evaluate the applicability of a hydrophobic coating a Fresnel lens of 10 x 10 
cm2 was employed.  A collimated beam of 10 mm in diameter was used to scan one 
line from the center of the Fresnel lens to the edge, by steps of 5 mm.  Therefore, the 
scanned area was 10 x 50 mm2.  Figure 4.13 shows the transmittance spectra of the 
scanned areas for bare and treated Fresnel lenses, which shows transmittance 
enhancement for both treated Fresnel lenses and a decrease of the transmittance at short 
wavelengths on when applying the hydrophobic coating, as observed in the treated 
PMMA substrates. 
Scanned area: 10 x 50 mm2, 
Collimated beam ∅ 10 mm, Step: 5 mm 
Bare
S2
S2 + Hydrophobic 
coating
 
Fig. 4.13.  Transmittance spectra of a 10 x 50 mm2 section of bare (top) Fresnel 
lens and the ones having S2 (middle), and hydrophobic functionalized S2 (bottom) 
on the back-side. 
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Field tests 
 
To evaluate the applicability of a hydrophobic coating, field tests were carried out 
at the University of Tokyo employing the in-house UT-CPV system and dual-axis 
tracker shown in Fig. 4.14.  The same homogenizer and lattice matched LM3JC InGaP 
/ (In)GaAs / Ge solar cell was used.  UT-CPV system employs a homogenizer made of 
PMMA in the truncated inverted pyramid configuration [12].  The Current-Voltage 
curve was measured for each sample, by exchanging the Fresnel lenses and the 
performance was evaluated as shown in Fig. 4.15. 
 
Bare
Treated
PMMA Fresnel lens
Same SOE and
Spectrolab C3MJ+
solar cell were used
 
 
Fig. 4.14.  Image of UTCPV system depicting the characterization of S2 and 
hydrophobic functionalized S2 bask side of PMMA Fresnel lenses. 
 
Figure 4.15 shows the Current-Voltage curves obtained for the bare Fresnel lens, 
the Fresnel lens with S2 on the back side, and the Fresnel lens with S2 + hydrophobic 
coating on the back side.  Figure 4.15 shows a 2.87% Jsc relative gain by using S2 on 
the back side.  This enhancement is similar, but slightly larger than the Jsc relative gain 
obtained by applying S2 on the back side of LPI’s POE.  Unexpectedly, the Jsc relative 
gain was much larger on Fresnel lens with S2 + hydrophobic coating on the back side 
reaching 7.73% as shown in Fig. 4.15.  Despite the transmittance decrease at short 
wavelengths, about 5% additional Jsc relative gain was obtained.   
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A possible explanation of the additional gain could be a focal distance modification 
by the hydrophobic coating.  In house tests showed that the UT-CPV system is quite 
sensitive to focal distance variations. 
In S2 and S2 + hydrophobic coating Fresnel lenses, the gain in Jsc was also 
accompanied by a decrease in the FF as observed on the field tests using LPI’s Ventana 
CPV system.  The FF when using the bare Fresnel lens was 74.39%, but it decreased to 
74.02% and 71.93% for 2 and S2 + hydrophobic coating Fresnel lenses, respectively.  
Despite the gain in Jsc, the FF decrease caused a decrease of the UT-CPV module 
efficiency when using the treated Fresnel lenses.  The efficiency when using the bare 
Fresnel lens was 24.66% and it increased to 25.24% and 25.69% for S2 and S2 + 
hydrophobic coating Fresnel lenses, respectively.  In conclusion, the Voc remained 
unchanged and the Jsc enhancement was accompanied with a FF decrease, which limited 
the efficiency enhancement.  DNI during measuring time was 760 W/m2.  Further 
evaluation of the FF degradation is presented in section 4.5. 
 
 
Fig. 4.15.  Field tests Current-Voltage curves obtained using a bare Fresnel lens 
(blue), and the ones having S2 (red), and hydrophobic functionalized S2 (green) on 
the back-side. 
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4.5. Nanostructured surfaces’ effect on the Fill Factor 
 
Nanostructuring the three Air/Optical-elements interfaces in CPV modules and 
achieving Jsc enhancement was accompanied with a FF decrease.  Despite the FF 
decrease, efficiency enhancement was achieved. 
 
4.5.1. EQE measurement of 3JSC below bare and textured substrates 
 
The Current-Voltage curve of the Ge bottom cell has a degraded FF due to shunt 
resistance in the Ge bottom cell.  If below bare or treated PMMA substrates, the 
bottom cell became current-limiting cell; it could be possible to explain the degraded FF 
observed in the field tests.  To evaluate this hypothesis, the EQE of the three sub-cells 
was measured without and below bare and all treated PMMA flat substrates as shown in 
Fig. 4.16.  On each condition, from the EQE results, the Jsc of each sub-cell was 
calculated and compared to determine the current-limiting cell as shown in Table 3 and 
Table 4. 
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Fig. 4.16.  EQE of each sub-cell without PMMA substrate, below bare PMMA 
substrate, and below PMMA substrate with S2 on both sides. 
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Figure 4.16 shows the EQE of each sub-cell without PMMA substrate, below bare 
PMMA substrate, and below the PMMA substrate with S2 on both-sides.  Figure 4.16 
shows the significant EQE decrease caused by the PMMA substrate refractive index 
creating around 8% or reduction, but also caused by the PMMA UV absorption and 
various absorption peaks in the near-IR region.  Figure 4.16 also shows that after 
applying S2 on both-sides of the PMMA substrate the EQE is partially recovered. 
Figure 4.17 compares the transmittance and the EQE ratios obtained by dividing 
the transmittance and EQE obtained using the PMMA substrate with S2 on both-sides 
by the transmittance and EQE obtained using the bare PMMA substrate.  Very similar 
EQE and transmittance ratios are shown in Fig. 4.17 indicating good agreement 
between both measurements.  Table 3 and Table 4 summarize the calculated Jsc using 
the measured EQE without and below bare and all treated PMMA flat substrates.  
Table 3 and Table 4 show the bottom-cell did not become current-limiting cell under 
any of the bare or treated PMMA substrates.  Table 3 and Table 4 also show that 
without PMMA substrate the middle-cell is the current-limiting cell.   
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Fig. 4.17.  EQE and Transmittance ratio comparison between bare PMMA 
substrate and PMMA substrate with S2 on both sides. 
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After placing the PMMA substrate, the top-cell became the current-limiting cell in 
all cases except when using S1 on both-sides of the PMMA substrate.  The middle-cell 
became current-limiting cell because the PMMA substrate with S1 on both-sides mainly 
enhances the transmittance around the spectral region of the top-cell as shown in Fig. 
3.71.  This result suggests that the antireflection effect of S1 and S2 can be tuned to 
mainly enhance the top-cell or the middle-cell. 
 
 
Top-cell 
Jsc (mA/cm2) 
Middle-cell 
Jsc (mA/cm2) 
Bottom-cell 
Jsc (mA/cm2) 
Without PMMA 15.139 15.027 17.238 
Bare PMMA 13.745 13.88 14.865 
S1 front 13.981 14.035 14.963 
S1 back 14.046 14.103 14.99 
S1 both 14.162 14.136 15.002 
S2 front 14.111 14.333 15.21 
S2 back 14.19 14.282 15.126 
S2 both 14.5 14.687 15.394 
Table 3.  Summarized Jsc in mA/cm2of each sub-cell without PMMA substrate 
and placed below bare and textured PMMA substrates.  The limiting Jsc is 
indicated in red. 
 
Top -cell 
Jsc (mA/cm2) 
Middle-cell 
Jsc (mA/cm2) 
Bottom-cell 
Jsc (mA/cm2) 
Without PMMA 15.139 15.027 17.238 
Bare PMMA 13.709 13.912 14.902 
S2 back 14.075 14.349 15.205 
S2 back + hydrophobic 14.005 14.352 15.208 
Table 4.  Summarized Jsc in mA/cm2of each sub-cell without PMMA substrate 
and placed below bare and textured PMMA substrates.  The limiting Jsc is 
indicated in red. 
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4.5.2. Irradiance and spectral homogeneity effect  
 
The irradiance spectral and intensity homogeneity on each of the sub-cells, as well 
as the tracking precision can also severely affect the Current-Voltage curves depending 
on the type of CPV system as shown in Fig. 4.18 and Fig. 4.19.  FF decrease was 
observed in both UT-CPV (RTP type) and LPI’s Ventana CPV (FK type), despite large 
difference on their dependence on irradiance and spectral homogeneity shown in Fig. 
4.18 and Fig. 4.19. 
 
Fig. 4.18.  Irradiance distribution on each sub-cell for different types of CPV 
systems at normal incidence and at 0.6° OFF-AXIS.  Figures are from Ref. [12]. 
 
Fig. 4.19.  Current-Voltage curves calculations based on the irradiance 
distributions on each sub-cell for different types of CPV systems at normal 
incidence and at 0.6° OFF-AXIS.  Figures are from Ref. [12]. 
 
The FF decrease was not the results of a bottom-cell being current-limiting and it 
does not seem to be originated from irradiance or spectral inhomogeneity.  In both 
UT-CPV and LPI’s CPV system, lower concentration tests need to be carried out to 
confirm whether the FF decrease was actually a result of cell overheating caused by the 
additional current generated by the enhanced transmittance. 
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Chapter 5 
 
5. Applications of this research in 
other fields 
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5.1. Flat PV 
 
In order to evaluate the applicability to flat Photovoltaics (PV) of the obtained 
nanostructured surfaces on glass and PMMA, External Quantum Efficiency (EQE) 
measurements using an InGaAs / GaAsSb Quantum Dot solar cell (QDSC) placed 
below the bare and textured glass and PMMA substrates were carried out.  The QDSC 
are also useful to evaluate the potential solar cell enhancement up to about 1µm.  
 
5.1.1. Quantum-Dot solar cells below glass substrates 
 
The measurement setup employed to evaluate the EQE of an InGaAs / GaAsSb 
QDSC placed 4 cm below the bare and treated glass substrates is shown in Fig. 5.1.   
 
 
 
Fig. 5.1.  Image of the treated glass substrates placed 4 cm above the InGaAs / 
GaAsSb QDSC during EQE measurements. 
 
The transmittance spectra of the bare and treated samples just after 20, 40, and 60 
min CHF3 plasma etching is shown in Fig. 5.2 (left).  The increased transmittance 
enhancement after 10 min O2 plasma etching cleaning process is shown in Fig. 5.2 
(right).  In the case of substrates etched during 40-60 min, broadband transmittance 
enhancement of 3-4%, which is close to the ideal case, was obtained. 
 109 
The sample treated during 40 min showed slightly higher transmittance at short 
wavelengths than the one treated during 60 min.  This may correspond to scattering of 
short wavelengths by slightly larger nanostructures obtained after 60 min CHF3 plasma 
etching. 
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Fig. 5.2.  Transmittance spectra of the bare glass substrates and after CHF3 (left) 
and subsequent O2 (right) plasma etching processes. 
 
The measured EQE of an InGaAs / GaAsSb QDSC placed 4 cm below the textured 
and bare substrates is shown in Fig. 5.3.  The enlarged EQE region in Fig. 5.3 shows 
clearly the EQE enhancement obtained for the case of substrates having one side etched 
during 40 and 60 min.  The increase obtained after 20 min etching is much lower.   
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Fig. 5.3.  EQE measurements of an InGaAs / GaAsSb QDSC placed 4 cm below 
the bare and textured substrates. 
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The calculated Jsc from the EQE measurements is summarized in Table 5.  The 
current increased for all texturing conditions and the largest increase, 3.40%, was 
obtained for the texture obtained after 40 min etching. 
 
Table 5 
Sample Jsc (mA/cm2) 
Relative 
(%) 
Absolute 
(mA/cm2) 
Bare 17.93 Ref. Ref. 
T 20 min 17.97 0.22 0.04 
T 40 min  18.54 3.40 0.61 
T 60 min 18.51 3.23 0.58 
 
Table 5.  Summarized relative and absolute Jsc gains of the textured glass 
substrates compared to the bare one. 
 
The EQE obtained placing the InGaAs / GaAsSb QDSC below the bare glass 
substrate was used as reference to normalize the EQE obtained when placing the 
textured substrates as shown in Fig. 5.4. 
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Fig. 5.4.  Ratio between the EQE of the InGaAs / GaAsSb QDSC placed below 
the textured substrates and the bare glass. 
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Figure 5.4 shows that the EQE enhancement is larger for the 40 min etching case 
than the 60 min one, especially at short wavelengths.  This explains the higher Jsc 
shown in Table 5.  The higher transmittance at shorter wavelengths of 40 min is 
consistent with the higher EQE in this spectral region. 
In all cases the EQE enhancement was slightly lower than the transmittance 
enhancement.  The transmittance measurements were carried out using and integrating 
sphere and the substrates were placed in contact with the integrating sphere’s port.  On 
the other hand for the EQE measurements, the glass substrates were placed 4 cm above 
the InGaAs / GaAsSb QDSC.  The small disagreement between these two 
enhancements may correspond to scattering or sample inhomogeneity.  Nevertheless, 
3-3.5% EQE improvement was observed between 400-1000 nm and maximum increase 
of Jsc reaching 3.40% was achieved, which demonstrates the potential of the 
applicability of the developed maskless plasma etching nanostructuration process to flat 
PV.  Also, this process is suitable for current industrial fabrication lines.  Since the 
open-circuit voltage and the fill factor are not modified, the conversion efficiency 
enhancement is expected to be the same as the one of Jsc.  The mechanical durability 
should also be evaluated for a complete assessment of the applicability to flat PV.  
 
5.1.2. Quantum-Dot solar cells below PMMA substrates 
 
The EQE of an InGaAs / GaAsSb QDSC placed 6 cm below the bare and treated 
PMMA substrates described in section 3.8 is shown in Fig. 5.5.   
300 400 500 600 700 800 900 1000 1100 1200
0
10
20
30
40
50
60
70
 
 
EQ
E 
(%
)
Wavelength (nm)
 S1side1
 S1side2
 S2side1
 S2side2
 S1BothSides
 S2BothSides
 Bare
500 550 600 650 700 750 800
56
57
58
59
60
61
62
63
64
65
66
67
 
 
EQ
E 
(%
)
Wavelength (nm)
 
Fig. 5.5.  EQE measurements of an InGaAs / GaAsSb QDSC placed 6 cm below 
the bare and textured substrates. 
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The enlarged EQE region in Fig. 5.5 shows clearly the EQE enhancement in the 
500-800 nm spectral region, in which the effect of each texture can be differentiated.  
The calculated Jsc from the EQE measurements is summarized in Table 6.  The current 
increased for all texturing conditions and the largest increase, 5.36%, was obtained for 
the texture S2-both-sides 
 
Table 6 
Sample Jsc (mA/cm2) 
Relative 
(%) 
Absolute 
(mA/cm2) 
Bare 17.52 Ref. Ref. 
S1 side1 17.77 1.43 0.25 
S1 side2 17.93 2.34 0.41 
S2 side1 17.99 2.68 0.47 
S2 side2 18.01 2.80 0.49 
S1 both sides 18.17 3.71 0.65 
S2 both sides 18.46 5.36 0.94 
 
Table 6.  Summarized relative and absolute Jsc gains of the textured PMMA 
substrates compared to the bare one. 
 
The transmittance obtained for the bare PMMA substrate was used to normalize 
the one of all textured substrates.  In a similar way, the EQE obtained when placing the 
InGaAs / GaAsSb QDSC below the bare PMMA substrate was used as reference to 
normalize the EQE obtained when placing the textured substrates.  Figure 5.6 
summarizes the transmittance and EQE enhancements.  For sample S1-side2 and 
S2-side1, both enhancements were very close.  For all other samples the transmittance 
enhancement was higher than the EQE enhancement.  The EQE measurements were 
carried out placing the PMMA substrates 6 cm above the QDSC.  On the other hand, 
the transmittance measurements were carried out placing the substrates 2 mm from the 
integrating sphere.  When increasing the distance from the integrating sphere up to 20 
cm the transmittance was decreased depending on the sample.  The lowest decrease 
was 0.3% for sample S2-side1 and largest, 1.3%, for sample S1-both-sides.  In addition, 
the sample inhomogeneity was evaluated.  It was sample dependent and maximum, 
0.4%, for S1-side1.  The differences between the transmittance and the EQE 
enhancement are mainly due to a combination of these two factors. 
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Fig. 5.6.  Transmittance and EQE enhancements of textured PMMA substrates 
compared to bare one. 
 
5.2. Cover glasses for solar cells in space 
 
Qioptiq is the sole manufacturer of Ceria doped cover glasses that protect the solar 
cells in space against UV, electron, and proton irradiation.  Reducing the reflectance at 
the Space/Glass interface would increase the efficiency of the solar cells, which can 
have effects on the cost of the mission reducing the number of cells required and their 
corresponding weight considering that launching 1 kg to space cost around 25,000 USD.  
If the same number of cells is kept, the improved efficiency of the cells can help power 
additional antennas or devices.  In section 3.3.6 it was explained in detail the tests 
carried out and the broadband transmittance enhancement obtained on the three types 
cover glasses (CMG, CMX, and CMO).  These results demonstrate the applicability of 
the maskless plasma etching process for space cover glasses from an optical point of 
view.  Additional tests such as mechanical and irradiance durability are required in 
order to fully validate their applicability and suitability for the space environment. 
 
5.3. Aspheric lenses 
 
The AGL-30-23.5 aspheric condenser lenses made of B270 glass shown in Fig. 5.7 
were provided by Sigma Koki and the maskless plasma etching surface 
nanostructuration process was tested on their curved surface. 
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Fig. 5.7.  Sigma Koki’s Aspheric Condenser Lenses. Figure is from Ref. [70]. 
 
A collimated beam of 5 mm in diameter was employed to evaluate the 
transmittance of the treated aspheric condenser lenses at the center, 5 mm to the left, and 
5 mm to the right as shown in Fig. 5.8.  Figure 5.8 shows that a transmittance 
enhancement within 2-2.5% was achieved on AGL-30-23.5 aspheric condenser lenses 
by applying CHF3 plasma etching during 120 min and subsequent 10 min O2 plasma 
etching and deionized water cleaning processes.  This transmittance enhancement 
supports the results obtained on the curved surface of LPI’s SOE, and further 
improvement would depend on further optimizing the CHF3 plasma etching parameters. 
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Fig. 5.8. Transmittance spectra of bare (left), after CHF3 (40 min) and O2 (10 min) 
plasma etching (middle), and after water rinsing (right) processes on the curved 
side of Sigma Koki’s AGL-30-23.5P lenses. 
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Chapter 6 
 
6. Summary and outlook 
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In this thesis, the reduction of the reflectance at the three Air/Optical-elements 
interfaces in transmission-type CPV system was approached by nanostructuring the 
surfaces of the optical elements employing maskless plasma etching processes.  As for 
the Fresnel lens surfaces, in collaboration with the Fraunhofer IOF, two types of 
antireflection structures where applied on PMMA substrates and on Fresnel lenses at the 
same time.  As for the surface of the homogenizer, a new fabrication method using 
maskless CHF3 plasma etching was developed on B270 glass and then applied on the 
homogenizers.  Also the application on hydrophobic coating as an alternative solution 
to the dew accumulation on the back-side of Fresnel lenses was evaluated.   
In chapter 3, the developed maskless surface nanostructuration CHF3 plasma 
etching process was presented.  This process was developed using B270 glass because 
of its composition resemblance to the composition of the homogenizer in LPI’s CPV 
system.  The whole fabrication process can be completed within one hour and it has 
been applied on over a hundred of samples with good reproducibility and no significant 
dependence on the chamber history, which makes it suitable and cost effective for large 
scale applications compared to processes depending on lithography or assistance-masks.  
Based on XPS, STEM-EDX, Dektak, and SEM results, a model describing the 
fabrication process that occurred on B270 was proposed.  Based on STEM-EDX cross 
section compositions mapping and the pillar shape and aspect ratio dependence on 
CHF3 plasma etching time, together with FDTD and RCWA simulations it was found 
that the graded SiO2 density in the nanostructures played a key role in order to reach the 
obtained broadband transmittance enhancement.  The same fabrication process was 
evaluated in various glasses including a customized composition, space cover glasses, 
and quartz.  Based on the characteristics of the reactive products generated from the 
glass and the CHF3 plasma etching, the optical, morphological, and surface composition 
measurements, a possible explanation of the role of the glass composition was also 
proposed.  BaF2 and CeF3 are both materials with very high durability against electron 
and proton radiation.  Whether the accumulation of (Ba, F) and (Ce, F) at the tips of 
the nanostructures enhances the radiation durability needs to be evaluated.  It was 
found that under the evaluated fabrication conditions, (Ca, F) and (Ce, F), and very 
good self-generated masks that under sustained CHF3 plasma etching achieve almost 
ideal broadband transmittance enhancement owing to the fabrication of small and high 
aspect ratio nanostructures with graded SiO2 density.  It is not clear whether (Ba, F) 
played a role in the fabrication of the nanostructured surface of space cover glasses.  
Further study of the role of (Ba, F) as well as other self-generated masks is suggested as 
part of future work.   
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In order to further understand the fabrication processes, nanostructures shapes, 
etching depth, and STEM-EDX cross section mapping are suggested on the 
nanostructured surfaces obtained on each type of glass.  Finally, evaluation of more 
compositions and the influence of the fabrication parameters are also suggested. 
In chapter 4 the CPV field tests carried out in order to evaluate the performance of 
each treated optical interface were described.  LPI’s treated POEs at Fraunhofer IOF, 
together with the treated SOEs with the newly developed fabrication process, were 
assembled and tested at LPI-CeDint facilities (Madrid, Spain).  The maximum 
improvement on the POEs was obtained when applying S2 on both sides, reaching 
6.56% and 3.82% Jsc and efficiency relative gains, respectively.  As for the SOEs, 
maximum 3.78% and 2.75% Jsc and efficiency relative gains were obtained, 
respectively.   
Finally, the CPV module assembled using the Fresnel lens with S2 on both sides 
and the best treated homogenizer showed maximum 7.99% and 5.06% Jsc and efficiency 
relative gains, respectively.  The efficiency relative gains were lower than the Jsc ones 
because the FF was degraded on the textured samples.  In order to clarify the origin of 
the FF decrease, it was found that the bottom cell does not become current limiting 
when employing the antireflection nanostructures.  The evaluation of the hydrophobic 
coating was carried out using University of Tokyo’s CPV system.  Despite the slight 
decrease in the transmittance at short wavelengths observed after hydrophobic coating, 
7.73% Jsc relative gain was obtained, which exceeds in about 5% the expected relative 
gain compared to the uncoated Fresnel lens with S2 on the back side that showed a 
2.87% Jsc relative gain.  Regarding the field tests, there are two key points that are 
suggested as part of future work 1) evaluation of the antireflection nanostructures under 
lower concentration to clarify if the origin of the FF decrease was caused by cell 
overheat originated by the increased current, and 2) evaluation of the focal position 
dependence on the Fresnel lenses with and without hydrophobic coating in order to 
clarify whether the additional 5% gain resulted in focal point variation in UT-CPV 
system.   
In chapter 5, EQE enhancement of InGaAs / GaAsSb QDSC placed below textured 
glass and PMMA substrates was obtained showing the potential application of the 
nanostructured surfaced for flat PV.  The broadband transmittance enhancement 
obtained on the three types of space cover glasses demonstrated the applicability of the 
CHF3 maskless plasma etching process to improve the efficiency of solar cells in space.  
Part of future work in this direction includes the evaluation of the mechanical durability 
of the nanostructures as well as the high energy electron and proton radiation durability.   
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